Study of Exsolved Nanocatalysts on Perovskite Oxide Supports for Solid Oxide Fuel Cells and Dry Reforming of Methane by Joo, Sangwook
 
 
저 시-비 리- 경 지 2.0 한민  
는 아래  조건  르는 경 에 한하여 게 
l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  
다 과 같  조건  라야 합니다: 
l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  
l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  
저 에 른  리는  내 에 하여 향  지 않습니다. 




저 시. 하는 원저 를 시하여야 합니다. 
비 리. 하는  저 물  리 목적  할 수 없습니다. 
경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 




Study of Exsolved Nanocatalysts on Perovskite 
Oxide Supports for Solid Oxide Fuel Cells and 





















Study of Exsolved Nanocatalysts on Perovskite 
Oxide Supports for Solid Oxide Fuel Cells and 






















Ulsan National Institute of Science and Technology 
 
Study of Exsolved Nanocatalysts on Perovskite 
Oxide Supports for Solid Oxide Fuel Cells and 






A thesis/dissertation submitted to 
Ulsan National Institute of Science and Technology 
in partial fulfillment of the 
requirements for the degree of 















Study of Exsolved Nanocatalysts on Perovskite 
Oxide Supports for Solid Oxide Fuel Cells and 




This certifies that the thesis/dissertation of Sangwook Joo is approved. 
 
01/08/2021 of submission 





























In the midst of a surge in future energy demand, heterogeneous catalysts play an essential role in 
building systems that effectively utilize available resources. When designing a catalyst, it is important 
to ensure stability and catalytic activity. Exsolution is an effective preparation tool, in this respect, 
because exsolution grows nanoparticles in- itu from the bulk lattice of support oxide under operating 
conditions. Accordingly, it gives "embedded" property and can prevent deactivation due to coarsening 
of catalyst through immobilization. Exsolution occurs with the formation of an oxygen vacancy in a 
reducing atmosphere. Therefore, methods such as temperature control, A-site non-stoichiometry, 
voltage biasing, lattice strain, and phase transition to make oxygen vacancy have been studied to control 
the degree of exsolution. In addition to these methods, we have been working on a unique method so-
called topotactic exsolution. Topotactic exsolution further increases the number of active exsolved 
nanoparticles through the exchange with the internal target cation via the introduction of the external 
cation, contributing to the enhanced performance of the catalysts. That is, external cations fill the B-site 
vacancies within the perovskite, adding to the chemical stability of the structure of the catalyst while 
also ensuring catalytic activity. This simple yet original method is expected to lead to more research in 
the field of energy utilization as a way to maximize the advantages of exsolution, which can convert 
most of the potential cations to nanocatalysts. This dissertation focuses on the applications of an energy 
conversion device using topotactic exsolution, beginning with the basic and theoretical explanation of 
solid oxide fuel cell (SOFC) and dry reforming of methane (DRM). In chapter 2, a study on 
YBa0.5Sr0.5Co2-xFexO5+δ cathode to help overall understanding of SOFC, and in chapter 3, a study on the 
first topotactic exsolution, in chapter 4, extended study of topotactic exsolution using different cation, 
and in chapter 5, topotactic exsolution using atomic layer deposition (ALD) on simple perovskite 
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Chapter 1 Introduction 
 
1.1. Research background 
 
Population growth, urbanization, and an advance in living standards have dramatically elevated the 
world's energy demand and environmental burden over the half-century.[1], [2] Energy demand is also 
expected to continue to increase in the future, causing environmental problems that can no longer 
tolerate. Indeed, a dramatic increase in atmospheric CO2 concentrations (Figure 1-1) has led to global 
warming, threatening human life with extreme climate change, such as a reduction in glaciers/sea-
ice/permanent soil layers, and an increase in extreme climate/heat/drought/storm/typhoons.[3]  
While the fundamental solution to all energy and environmental problems is elusive, heterogeneous 
catalysis can play an important role in designing an efficient and appropriate system to maximize the 
utilization of available resources.[2] By using catalytic reagents, the temperature and waste of 
transformation can be reduced and the selectivity of the reaction can be increased. In particular, 
supported metal nanocatalysts, in this regard, have been emphasized in their importance in various 
catalyst applications owing to the unique properties that arise from their size, shape, and 
composition.[2], [4], [5] When designing them, it is essential to secure stability and catalytic activity 
by immobilizing high-surface-area particles through supporting materials. Several preparation methods 
for supported metal nanocatalysts have been commonly used such as thermal evaporation, pulsed laser 
deposition, chemical vapor deposition, electrochemical deposition, sol-gel/colloidal techniques, and 
impregnation methods. However, the deposited metal nanoparticles may undergo agglomeration and 
 




coarsening during operating conditions, leading to fa al performance degradation. Thus, an exsolution 




Exsolution is an effective preparation means of supported active metal particles due to its excellent 
carbon coking resistance and sintering resistance.[8]–[11] Specifically, exsolution refers to 
nanoparticles in-situ growing on the oxide surface from the cations dope into the support oxide in 
reducing atmosphere (Figure 1-2). The produced nanoparticles have a strong metal-support interaction 
(SMSI) owing to their well dispersed and “embedded” properties on the support oxide surface, which 
provides an advantageous feature for catalyst stability compared to the existing wet impregnation or 
vapor deposition method.[4] In detail, nanoparticles g nerated through exsolution are embedded on the 
oxide surface, so even when carbon growth occurs in an operating environment containing carbon 
species as a reactant, it occurs in the form of base growth rather than tip growth (Figure 1-3). In tip 
growth, the nano-catalyst is separated from the supporting material, and agglomeration of the catalyst 
occurs, leading to deactivation, whereas, in base growth, since the catalyst is settled on the supporting 
material as it is, more than a certain amount of carbon is no longer produced: carbon tolerance.  
Since the exsolution occurs under a reducing atmosphere, a general driving force of exsolution is 
associated with an oxygen vacancy formation in the perovskite oxides. The oxygen vacancy formation 
destabilizes the lattice stoichiometry, causing the segregation of B-site cations to maintain structural 
stability. Several driving forces, such as temperature, non-stoichiometry by A-site defect, voltage 
biasing, strain, phase transition, and topotactic ion exchange, have been introduced to form the oxygen 
vacancy (Figure 1-4). However, the degree of oxygen vacancy formation differs for each perovskite 
structure.  
 
Figure 1-2 Schematic illustration of particle−socket genesis during exsolution. (a) Nucleation 
at different length scales depicting the particle as partly embedded within the perovskite 
surface as a consequence of the metal segregating out f the perovskite lattice. (b) As the 
particle grows isotropically (laterally and vertically), it pushes the perovskite lattice, lifting it 
slightly. (c) Further growth of the particle leads to a volcano-shaped nanostructure around it. 




As support oxide materials for exsolution, materials based on single perovskite (ABO3), double 
perovskite (A2B2O5+δ), Ruddlesden Popper (RP, An+1BnO3n+1), and fluorite (AO2) have been intensively 
studied. Among these, perovskite materials, in particular, have excellent structural stability which can 
withstand lattice mismatch between A-O and B-O bonds, enabling the study of doping various ions at 
each site. Early exsolution studies were based on a stoichiometric simple perovskite with an A/B ratio 
of 1. In this case, only cations which are easy to reduce (e.g., Ni2+, Ru2+, Rh4+, Pd4+, and Pt4+) can be 
exsolved, and only cations near the surface can be released to the surface, limiting the number of 
exsolved nanoparticles with catalytic active sites. Besides, as the B site falls out of the grid, the lattice 
becomes unstable, which causes A-site cation segregation of the insulating layer. Therefore, to solve 
this problem, the perovskites (A/B < 1) with A-site d ficiency have been developed.[8], [10] In this 
case, the A-site deficient perovskites can prevent A-si e segregation by having a defect-free perovskite 
as exsolution proceeds, and the cations which are difficult to reduce under the same conditions can be 
easily exolved. Recently, topotactic exsolution hasbeen studied as a way to create embedded alloy 
nanoparticles while maximizing the advantages of the exsolution.[9], [12], [13] Through the method, 
most of the doped metal cation is exsolved to the surface without leaving cation defects in the parent 
oxide lattice, rendering the enhanced performance of the exsolved particles while maintaining the 
overall structural properties of the original support oxide.  
The main research objective of the dissertation is to develop highly efficient and stable energy 
conversion devices using the exsolution phenomenon. 
Chapter 1 provides the theoretical backgrounds of the exsolution and its application. In chapter 2, B-
site Fe-doped YBa0.5Sr0.5Co2-xFexO5+δ was investigated for SOFC cathode. In chapter 3, alloy 
nanoparticles prepared via topotactic exsolution was reported to enhance the catalytic activity as a 
SOFC anode and catalyst for dry reforming of methane. I  chapter 4, Ni-Fe bimetallic nanocatalysts 
 
Figure 1-3 Schematic of possible carbon fiber growth mechanisms based on conventional 




produced by topotactic exsolution for dry reforming of methane were reported. In chapter 5, in-situ 
grown Ni-Fe Nanoparticles on perovskite via atomic layer deposition were reported. 
 
1.3. Solid Oxide Fuel Cell (SOFC) 
1.3.1. Overview 
 
Solid oxide fuel cell (SOFC) is one of the energy conversion devices that directly convert chemical 
energy into electrical energy. SOFC mainly operates between 500 °C and 1000 °C and has advantages 
such as fuel flexibility, high efficiency, and the possibility to utilize high-quality waste heat from high 
temperatures. The electrical efficiency of SOFC is about 50–60%, but in combined heat and power 
applications, the efficiency reaches 90%. SOFC is largely composed of three components: a solid 
electrolyte, a cathode, and an anode (Figure 1-5). The solid electrolyte blocks gas diffusion and electron 
transfer between the electrodes and only transfers ions. Therefore, the electrolyte must be stable in a
redox environment and must be chemically, physically, nd mechanically compatible with the electrode 
materials. Considering the operating environment, the cathode should be a material that has electron/ion 
conductivity while it must withstand a highly oxidizing atmosphere at high temperature. The anode 
must withstand a very reducing atmosphere with highelectron/ion conductivity. 
Specifically, oxygen ions are generated by an oxygen reduction reaction (ORR) in the cathode as shown 
in the following equation (1.1). 

  + 2
 →  (1.1) 
 
 
Figure 1-4 Driving forces to promote the exsolution in perovskite oxides: gas/temperature, 
cation deficiency, biasing, strain, phase transition, and topotactic exchange. In the driving 
forces, the green spheres indicate exsolved nanoparticle. In the middle circle, blue, green, and 





The generated oxygen ions are transferred to the anode through the solid electrolyte, and the transferred 
oxygen ions participate in the hydrogen oxidation reaction (HOR) to generate water and electrons as 
shown in equation (1.2). 
	 +  → 	 + 2 (1.2) 
 
1.3.2. Theoretical background 
1.3.2.1. Thermodynamic of SOFC 
 
The potential of a system to do electrical work is measured in voltage (also called electrical potential). 
The electrical work performed when charge Q moves through electrical potential E is as follows. 

 =   (1.3) 
If the charge is caused by the movement of electrons, 
 =    (1.4) 
where n is the number of moles of electrons transferred and F is the Faraday constant. The maximum 
electrical work is given as a negative value of Gibbs free-energy difference, as shown below. 

 = −∆  (1.5) 
When the above equations (1.3), (1.4), and (1.5) are all combined, it becomes as follows. 
∆ = −  (1.6) 
For example, in a fuel cell where hydrogen and water react, the reaction is 
	 +   ⇋ 	 (1.7) 
 




The Gibbs free-energy change in the reaction is –237 kJ/mol under standard-state conditions, so the 
reversible voltage is as follows. 









= +1.23 8 (1.8) 
When the reaction is given as, 
19 + :; ⇋ <= + >  (1.9) 
The van’t Hoff isotherm that tells how Gibbs free energy of the system changes as a function of the 
activity of reactants and products, is as follows, 
∆ = ∆ + ?@ ln CD
&CE
CFG CHI
  (1.10) 
Combining with equation (1.6) gives the Nernst equation, 
 =  − JK! ln
CD&CE
CFG CHI
  (1.11) 
Applying this to the fuel cell reaction equation, 





= 1.254 8 (1.12) 
, which means that we operate a room temperature H2-O2 fuel cell on 3 atm pure H2 and 5 atm air, 
thermodynamics predicts a reversible cell voltage of 1.254 V. 
 
1.3.2.2. SOFC performance 
 
The electrochemical performance of SOFC is represent d by a graph of the current-voltage 
characteristic (Figure 1-6). The shape is called the current-voltage (i-V) curve, which represents the 
voltage output according to the given current output. An ideal fuel cell would maintain a constant 
voltage regardless of current, which is thermodynamic lly determined. However, in a practical cell, it 
has a voltage output smaller than the ideal voltage value due to irreversible losses. The main factors of 
 




the losses are activation losses (losses due to electrochemical reaction), ohmic losses (losses due to 
ionic and electronic conduction), and concentration l sses (losses due to mass transport), which 
determine the characteristic shape of the fuel cell i-V curve. 
 
1.3.2.2.1 Activation polarization 
 
The electrochemical reaction involves a charge transfer reaction, which has an activation barrier. 
Activation polarization resulting from the barrier determines the reaction rate of charge transfer or 
surface exchange reaction at the electrode. This is because only species in the activated state can 
undergo a transition from reactant to product. The relationship between activation polarization and 





[\ ] (1.13) 
where i is the current density, i0 is the exchange current density, α is the charger transfer coefficient, 
and ^act is the activation polarization. One of the terms in the parentheses can be ignored for large 
values of ̂ , and then the equation (1.13) can be described as the Tafel equation. 
^C_ = ` ± : bcQ (1.14) 
Parameters a and b are constants associated with the applied electrode material, electrode reaction type, 
and temperature. 
 
1.3.2.2.2 Ohmic polarization 
 
In SOFC, charge transfer occurs due to a voltage gradient, and this charge transfer process is known as 
conduction. Resistance corresponding to voltage loss used for conductive charge transport follows 
Ohm's law. The ohmic resistance can arise from electrodes, electrolytes, interconnects, etc., and is 
mainly dominated by electrolyte resistance. Resistance is scaled with the conductor's area A, thickness 
L, and conductivity σ: R = L/ σΑ. Therefore, the electrolyte should be as thin as pos ible and have high 
ionic conductivity. 
 
1.3.2.2.3 Concentration polarization 
 
Mass transport governs the supply and removal of reactants and products in SOFC. Poor mass transport 
can lead to loss of fuel cell performance due to reactant depletion (or product clogging). Various factors 
can lead to concentration loss: i) slow diffusion in the gas phase within the electrode pores, ii) slow 





1.3.3. Materials for SOFC 
1.3.3.1. Electrolyte materials 
 
Electrolyte for SOFC has been mainly studied based on oxygen ion conductors, where current flow is 
generated by the movement of oxygen ions through the crystal lattice. This movement is achieved by 
hopping of thermally activated oxygen ions within the lattice, where oxygen defects in the crystal 
structure play a predominant role. Representative materials of electrolytes with such defects are as 
follows: ZrO2-, CeO2-, and Bi2O3-based oxides with fluorite structure, LaGaO3-based perovskite, 
derivatives of Bi4V2O11 and La2Mo2O9, perovskite- and brownmillerite-like phases (.g., derived from 
Ba2In2O5), pyrochlores, and (Gd, Ca)2Ti2O7-δ.[14] 
 
1.3.3.2. Anode materials 
 
The primary function of the anode in SOFC is to promote the electrochemical oxidation of fuel. When 
a hydrocarbon fuel such as methane is used as the fuel, the internal reforming or partial oxidation of the 
fuel is additionally accompanied in the anode. Electrochemical reactions often occur at interfaces or 
triple-phase boundaries (TPBs). In this case, the anode polarization that occurs in the electrode reaction 
is determined not only by intrinsic surface catalytic activities toward fuel oxidation, but also by the 
microstructure, morphology, and transport characteristics of the electrode material. Therefore, the 
general requirements for a SOFC anode material include good chemical and thermal stability, high 
electronic conductivity under fuel cell operating conditions, excellent catalytic activity toward the 
oxidation of fuels, manageable mismatch in coefficient of thermal expansion (TEC) with adjacent cell 
components, sufficient mechanical strength and flexibility, ease of fabrication into desired 
microstructures and low cost.[14] 
The development of the Ni-YSZ cermet anode was groundbreaking in that Ni-YSZ meets most of the 
basic SOFC anode requirements. In the porous Ni-YSZ cermet anode, Ni metal provides electron 
conductivity and catalytic activity, while YSZ ceramic phase lowers the TEC of the anode, prevents the 
Ni phase from coarsening, and provides an oxygen ion conduction path to extend the active zone. 
Therefore, to date, Ni-YSZ cermet has been widely used as an anode material due to its high electrical 
conductivity, excellent catalytic activity for fuel oxidation, and low cost. The idea of a metal-ceramic 
cermet anode has also been used in the development of SOFCs using other electrolyte materials such 
as doped cria, La1-xSrxGa1-yMgyO3 (LSGM), and proton-conducting electrolytes (e.g., doped BaCeO3-
BaZrO3). However, when hydrocarbons are directly used as fuel, the Ni-electrolyte cermet anode is 
easily deactivated by carbon coking or sulfur poisoning at the active site.[15], [16] Therefore, many 
alternative materials have been studied as the potential anode of SOFC. 
For example, it has been reported that Cu-CeO2-YSZ composite anodes have good carbon coking and 




hydrocarbons.[17] To enhance the electrochemical performance, mixed oxygen-ion electron conductors 
(MIECs) have attracted considerable interest as alterna ive anode materials. In fact, several new 
materials have shown increased tolerance to sulfur poisoning and carbon deposition: Sr2MgMoO6 
(SMMO)[18], La0.8Sr0.2ScxMn1-xO3-δ[19], La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM)[20],  La0.33Sr0.67TixMn1-xO3-
δ[19], and Pr0.8Sr1.2(Co,Fe)0.8Nb0.2O4 (K-PSCFN)[21]. Recently, Sengodan et al. reported PrBaMn2O5+δ 
(PBMO), a new perovskite with a layered double perovskite structure.[22] The layered PBMO anode 
showed very high electrical conductivity, excellent redox, coking tolerance, and sulfur tolerance. As 
shown in Figure 1-7, the layered perovskite has a stacking sequence of [BaO]-[MnO2]-[PrOδ]-[MnO2]. 
In this structure, since most of the oxygen vacancies are located in the PrO layer, a rapid oxygen ion 
channel is formed to ensure rapid oxygen ion diffusion. Besides, the conductivity of PBMO is 8.16 S 
cm-1 in 5 % H2 atmosphere at 800 oC, which is higher than that of ceramic anodes previously published 
in SMMO (4.21 S cm-1) and LSCM (0.96 S cm-1). 
 
1.4. Dry reforming of methane (DRM) 
1.4.1. Overview 
 
The dry reforming of methane (DRM) was first reported in 1888[23] and then further investigated by 
Fischer and Tropsch in 1928[24]. Today, DRM has been studied as a promising way to utilize methane 
and carbon dioxide at the same time by converting these to syngas (a mixture of H2 and CO) which can 
be used as fuel or feedstock in the chemical industry.[25]–[27] Additionally, DRM is very suitable for 
the subsequent synthesis of long-chain hydrocarbons and oxygenate chemicals such as acetic acid, 
dimethyl ether, and oxo-alcohol in that it produces syngas with a high CO selectivity and a low H2/CO 
ratio compared to other reforming reactions, which is also an advantage in responding to the oil crisis. 
 
Figure 1-7 Principle of the approach to prepare A-site layered perovskite PrBaMn2O5+δ. Phase 





[25] Despite the economic and environmental advantages of DRM, it has not fully matured for industrial 
applications because of the deactivation of the conventional Ni-based catalysts from carbon coking and 
sintering during the reaction.[2], [28] Noble metals (Ir, Rh, Ru, Pt, and Pd) can be used in whole or in
part to increase carbon resistance, but they are gen rally not economical. 
To develop a highly active and stable catalyst for he DRM process, active metals, supports, promoters, 
morphologies, and preparation methods should be properly considered. For example, in the case of 
support (SiO2 and Al2O3), it can provide a high surface area for the disper ion of active sites and play 
an auxiliary role in catalytic action. Therefore, the chemical and structural stability of the support at 
operating temperature and atmosphere is very important. As support, oxides with structures such as 
spinel, fluorite, Ruddlesden-Popper, and perovskite can be used. In the case of a promoter, it plays a 
role in improving the reactivity of the catalyst chemically by avoiding sintering of active metal particles 
or by adjusting basicity or redox property. The preparation methods for catalysts can also considerably 
influence their chemical properties and catalytic activity. The proper preparation method results in better 
dispersion of the catalyst, strong metal-support interaction, and higher surface area. In particular, the 
preparation of nanocatalysts for DRM through exsoluti n is highly preferred in recent studies because 
it can secure homogeneous high dispersion of active metal, strong interaction between metal supports, 
and small particle size. 
 
1.4.2. Thermodynamics of DRM 
 
DRM is an endothermic reaction that requires high temperatures to dissociate stable reactants, CH4 and 
CO2. 
d	e + d → 2d + 2	,   ∆	fg = 248 ij ∙ <cb (1.15) 
In an operating condition, possible side reactions may be involved during the DRM process. For 
example, reverse water gas shift (RWGS) reaction, steam reforming of methane (SRM), methane 
decomposition, and Boudouard reaction may occur simultaneously. In particular, the RWGS reaction 
may cause a higher CO2 conversion than the CH4 conversion at equilibrium and affect the H2/CO ratio 
of the syngas produced. 
d	e + 	 → d + 3	,   ∆	fg = 206 ij ∙ <cb (1.16) 
d + 	 → d + 	,   ∆	fg = 41 ij ∙ <cb (1.17) 
As routes of carbon formation, Boudouard reaction and methane decomposition reaction should be 
considered. In the DRM process, carbon formation can occur by CH4 decomposition in equation (1.18) 
or Boudouard reaction in equation (1.19). 
d	e → d + 2	,   ∆	fg = 75 ij ∙ <cb  (1.18) 




The CH4 decomposition is an endothermic reaction, whereas the Boudouard reaction is exothermic, 
thus the CH4 decomposition occurs above 557 oC and the Boudouard reaction can occur below 700 
oC.[29] However, carbon generation is highly affected by the ratio of reactants (between CH4 and CO2), 
catalyst properties, GHSV, and the presence of dilution gas, so it is difficult to generalize the prediction 
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Chapter 2 Investigation of a Layered Perovskite for IT-SOFC Cathodes: 
B-Site Fe-Doped YBa0.5Sr0.5Co2-xFexO5+δ 
 
This chapter has been published. 




Solid oxide fuel cells (SOFCs) are regarded as promising energy conversion-storage systems because 
of high-energy conversion efficiency, efficient reclamation of waste heat, low pollutant emissions, and
extensive fuel flexibility over other fuel cells.[1]-[3] However, even with these benefits, the high 
operating temperature (800-1000 oC) causes several problems, e.g., expensive maintenance cost, 
material degradation, and material compatibility challenges.[4] Recent studies thus have focused on 
developing intermediate temperature SOFCs (IT-SOFCs) operating from 500 to 700 oC to minimize 
these issues. The lowered operating temperature, however, results in slow oxygen reduction kinetics 
and high over-potential at the cathode, consequently leading to inferior cell performance. The 
development of cathode materials with high electro-atalytic activity for the oxygen reduction reaction 
(ORR) at intermediate temperatures consequently has become an important goal in this area of 
research.[5] 
In this respect, mixed ionic-electronic conducting (MIEC) cathodes have been widely investigated for 
application to intermediate-temperature solid oxide fuel cells (IT-SOFCs).[6] In particular, cobalt-based 
simple perovskites, for instance, Ba0.5Sr0.5Co0.8Fe0.2O3-δ[7], [8] and La0.6Sr0.4Co0.2Fe0.8O3-δ[9], have been 
proposed as MIEC cathode materials. Recently, double-perovskite (or layered perovskite) oxides, 
LnBaCo2O5+δ (Ln = Pr, Nd, Sm, and Gd), have been studied in efforts to exploit their fast oxygen 
kinetics, specifically oxygen diffusion and oxygen surface exchange. These materials can be structurally 
described with a stacking sequence of …[LnOδ] - [CoO2] - [BaO] - [CoO2]… along the c-axis.[10], [11] 
This structure possesses a [LnOδ] layer with reduced oxygen bonding strength providing a disorder-free 
channel for ion transport, resulting in an increase of the oxygen ion diffusivity.[12], [13] 
In spite of these favorable oxygen kinetic properties of the cobalt-based cathode materials, there is a 
large gap in the thermal expansion behavior relative to electrolyte materials.[14], [15] The mismatch of 
the thermal expansion coefficient (TEC) between the el ctrode and the electrolyte can lead to 
delamination at the electrode/electrolyte interface du  to the stress developed upon heating and cooling 
processes, leading to severe cell degradation.[16] This drawback can be minimized by introducing Y 
(Yttrium) into the Ln-site which decreases ionicity of the Y-O bonds because the stronger ionic bonds 




lower Ln-O bond ionicity has been observed with various LnBaCo2O5+δ (Ln = La, Nd, Sm, Gd, and Y) 
systems.[17] The TEC for the double-perovskite YBaCo2O5+δ is reported as 15.8 × 10-6 K-1 at 
temperatures between 80 and 900 oC in air, while other double-perovskite cathodes such as 
LnBaCo2O5+δ (Ln = Gd, Sm, Nd, and La) have higher TECs of 16.6 ~ 24.3 × 10-6 K-1 under the same 
conditions,[17] indicating that the double-perovskite YBaCo2O5+δ has a closer TEC to that of 
Ce0.9Gd0.1O2-δ (GDC) electrolyte (e.g., 12.5 × 10-6 K-1.[18]). 
However, double-perovskite YBaCo2O5+δ still suffers from phase instability. In particular, it showed 
several XRD reflections from decomposition as a result of sintering temperature above 800 oC in air. 
This phase instability may be resulted from less bound Y3+ cations under a large amount of oxygen 
vacancies in the Ln-O layer due to the tendency to have low oxygen coordination numbers compared 
to those of large Ln3+.[19] Regarding the stability issue, Sr substitution f r Ba has been investigated as 
an effective way to enhance the stability by controlling the oxygen content in YBaCo2O5+δ.[19]-[21]  
In this context, we assume that transition metal doping into Co on the B-site could also increase the 
oxygen content leading to enhance structural integrity. Many groups have previously researched the 
effect of Fe substitution on the structure and prope ties of LnBaCo2-xFexO5+δ, where the oxygen content 
is proportional to the amount of Fe.[13], [22], [23] Based on these findings, we present here 
YBa0.5Sr0.5Co2-xFexO5+δ (x = 0, 0.25, 0.5, and 0.75) for the first time with the aims of stabilizing structural 




2.2.1. Synthesis of powders and bars 
Cathode materials YBa0.5Sr0.5Co2-xFexO5+δ (YBSC(F)s) (x = 0, 0.25, 0.5, and 0.75) were synthesized by 
the Pechini method. The required amounts of Y(NO3)3·6H2O (Adrich, 99.9%), Ba(NO3)2 (Aldrich, 
99+%), Sr(NO3)2 (Adrich, 99+%), Co(NO3)2·6H2O (Aldrich, 98+%), and Fe(NO3)3·9H2O (Aldrich, 
98+%) were dissolved in distilled water. After that, ci ric acid and ethylene glycol (mole ratio of metal 
cations : citric acid : ethylene glycol = 1 : 1.2 : 1.5) were added into the solution as heterogeneous agents 
under continuous stirring and the solution was heated to 250 oC for combustion. The resultant powders 
were pre-calcined at 600 oC for 4 h and then ball-milled in acetone for 24 h. T e calcined powders were 
dry-pressed into pellets at 5 MPa and sintered at 1150 oC for 12 h ~ 24 h in air (to achieve relative 
density > 92%) for the measurement of XRD, electrical onductivity, iodometric titration, and 
dilatometry. For preparation of anode support materi ls, Ce0.9Gd0.1O2-δ (GDC) and NiO were 
synthesized by glycine-nitrate process (GNP). For preparation of cathode slurries, the pre-calcined 





2.2.2. Fabrication of cells 
For impedance spectroscopy, symmetric cells of electrode | GDC | electrode were fabricated. GDC pellet 
with thickness of ~1 mm was sintered at 1350 oC for 4 hours in air and polished to 0.65 mm. Cathode 
slurries were then screen-printed onto both sides of the dense GDC electrolyte with an active electrode 
area of 0.36 cm2 each and sintered at 950 oC for 4 hours in air. 
In order to determine electrochemical performance of cathode, anode-supported single cells with a 
configuration of Ni-GDC | GDC | cathode were prepard using a drop-coating method. For preparation 
of Ni-GDC anode support, NiO , GDC, and starch at aweight ratio of 6 : 4 : 1.5 were ball-milled in 
ethanol for 24 hours. The dried NiO-GDC mixture was then pelletized (~0.6 mm thick and 15mm 
diameter). A GDC suspension for drop-coating was prepa ed by dispersing GDC powders (Aldrich) in 
ethanol with proper amount of binder (polyvinyl Butyral, B-98) and dispersant (Triethanolamine, Alfa 
Aesar) at a ratio of 1 : 10. The GDC suspension was then drop-coated to a Ni-GDC anode support, 
followed by drying in air and subsequent co-sinterig at 1400 oC for 5 hours. Cathode slurries are 
screen-printed on the GDC electrolyte with active cathode area of 0.36 cm2. 
 
2.2.3. Characterization of cathodes 
A four-electrode measurement is used for the YBSC(F)s cathodes in order to measure electrical 
conductivities in air. Rectangular samples for conductivity measurement were prepared from sintered 
pellets. Ag wire were attached to the sample end surfaces, which were fixed with Ag paste. A constant 
current of 100 mA was applied to sample and the voltage difference was measured using a potentiostat 
(BioLogic) in a temperature range of 100 to 750 oC with an interval of 50 oC. 
For the symmetric and single cell measurement, Ag wires were attached to the two electrodes each using 
Ag paste. The cells were fixed on the end of an alumina tube using a ceramic adhesive (Aremco, 
Ceramabond 552). 
In order to evaluate the electrocatalytic activity of cathode, impedance spectra for symmetric cells were 
measured under OCV in a frequency range of 1 mHz to 500 kHz with 10 mV AC perturbation in a 
temperature range of 500-650 oC. 
For the single cell test, H2 with 3 vol % H2O was supplied to anode as the fuel at a flow rate of 100 mL 
min-1, whereas air was supplied to cathode. Impedance spectra and I-V polarization curves were 
measured using a BioLogic Potentiostat in a temperature range of 500-650 oC. 
The crystalline structures were examined by an X-ray powder diffraction (XRD) (Bruker, D8 Advance, 
Cu Ka radiation) analysis. The in situ XRD was also carried out in the temperature range of 100 oC to 
the operating temperature (Bruker, D8 Advance). The microstructures and morphologies of YBSC(F)s 
samples were probed using a field emission scanning electron microscope (SEM) (Nova SEM). A 
thermogravimetric analysis (TGA) was carried out using a SDT-Q600 (TA Instrument, USA) in a 




oxygen content (at room temperature) were determined by iodometric titration. Dilatometry (DIL-402C) 





2.3. Result and discussion 
2.3.1. XRD 
 
Figure 2-1 (a) X-ray diffraction patterns of YBSC(F)s powders sintered at 1150◦C for 12 h in 
air. (b) Observed and calculated XRD profiles and the difference between them for YBSCF25. 




Table 2-1 Abbreviations of specimens 







Table 2-2 Space group and structure parameters of YBSC(F)s 
Chemical 
composition 
Space group a (Å) b (Å) c (Å) Volume (Å3) 
YBSC P4/mmm 3.8528 3.8528 7.4950 111.25 
YBSCF25 P4/mmm 3.8584 3.8584 7.5326 112.14 
YBSCF50 P4/mmm 3.8585 3.8585 7.5607 112.56 
YBSCF75 P4/mmm 3.8638 3.8638 7.5848 113.23 
 
X-ray diffraction (XRD) patterns of YBa0.5Sr0.5Co2-xFexO5+δ (x = 0, 0.25, 0.5, and 0.75) are shown in 
Figure 2-1 (a). The abbreviations used to identify the various samples are given in Table 2-1. All of the 
YBSC(F)s are identified as single-phase double-perovskites without any impurity phases. With 
increasing the amount of Fe, lattice parameters are inc ased due to the substitution of the larger Fe3+
and Fe4+ ions into the smaller Co3+ and Co4+ ions.[23] Figure 2-1 (b) shows the Rietveld refinement data 
of YBSCF25, presenting good agreement between the obs rved and calculated profiles. As summarized 
in Table 2, the Rietveld refinement data show that all the YBSC(F)s crystallize in the tetragonal space 
group, P4/mmm. 
In general, the undesired insulating layer caused by the interfacial reaction between an electrode and 
electrolyte can obstruct the oxide-ionic and electronic transport.[24] Kim et al. reported that a 
YBaCo2O5+δ cathode had an interfacial reactivity with La0.8Sr0.2Ga0.8Mg0.2O2.8 (LSGM) electrolyte after 
being heated at 1000 oC for 3 h.[17] In this study, Gd0.1Ce0.9O2-δ (GDC) is selected as an electrolyte 
 
Figure 2-2 The in situ XRD patterns of YBa0.5Sr0.5Co1.75Fe0.25O5+δ (YBSCF25) at various 




because of the absence of interfacial reactions between it and YBSC(F)s cathodes. To examine 
the chemical compatibility, the XRD patterns of theYBSC(F)s-GDC composite (7:3 weight ratio) after 
heat treatment at 950 oC for 4 h were evaluated and the results are shown in Figure 2-1 (c). From the 
patterns, there are no observed interfacial reactions or apparent secondary phases between them. 
 
Table 2-3 Comparison of thermal expansion coefficient of 
YBSC(F)s between via in situ XRD and dilatometry 
Chemical composition 
TEC via in situ 
XRD (10-6 K-1) 
TEC via dilatometry (10-
6 K-1) 
YBSC 17.31 17.61 
YBSCF25 17.89 17.69 
YBSCF50 18.00 18.14 
YBSCF75 18.14 18.16 
 
The phase stability of YBSC(F)s under the operating conditions of a SOFC cathode is confirmed via in 
situ X-ray diffraction measurements in a temperature range of 100-800 oC under ambient air. As shown 
in Figure 2-2, YBSCF25 shows no chemical or structural changes upon heating, demonstrating thermal 
stability under the operating conditions. The main peaks are lower-angle shifted as the temperature 
 
Figure 2-3 X-ray diffraction patterns for the cathode powders re-annealed at 700 oC in ambient 




increases, implying that the volume of unit cells increases due to the larger size of B-site cations after 
reduction, as shown in the inset of Figure 2-2. It can be interpreted that the reduction of Co4+ t  Co3+ 
caused by a loss of oxygen gives rise to high TECs due to the larger ionic size of Co3+ relative to that 
of Co4+. 
The thermal expansion coefficient (TEC) calculated from in situ X-ray diffraction of YBSC(F)s 
increases with the amount of Fe, which is in accordance with the dilatometry data in Table 2-3. The 
effect of Fe doping can be ascribed to the increase of the average ionic radius of B-site ions leading to 
high TECs[25] due to the larger ionic radius of thedoped Fe (o!pq= 0.785 Å, coordination number = 
6, and high spin state) compared to that of Co (orspq= 0.75 Å, coordination number = 6, and high spin 
state)[30]. 
In order to assess the structural stability of the YBSC(F)s under practical operating conditions, all 
sintered samples were exposed to 700 oC for 100 hrs under ambient air. The samples were then identified 
by XRD, as shown in Figure 2-3. The formation of a secondary phase (marked with ★) is observed 
only for the re-annealed YBSC, which is identified as BaO (JCPDS#01-0746). On the other hand, no 
additional phase is identified from the re-annealed YBSCF25, YBSCF50, and YBSCF75, suggesting 
that Fe replacement for Co effectively enhances the s ructure stability of YBSC. This can be described 
by the increasing oxygen content in the Y-O layer with the amount of Fe content.[19] 
 
2.3.2. SEM 
Scanning electron microscopy (SEM) was performed to probe the microstructure of YBSC(F)s-GDC 
composites after screen printing on the GDC electrolyte at 950 oC. Figure 2-4 depicts a cross-sectional 
Figure 2-4 Scanning electron microscopy images of YBSC(F)s-GDC cathodes; (a) a cross-
section consisting of the dense GDC electrolyte with the porous YBSCF25-GDC composite 
cathode and Ni-GDC anode; (b)-(f) microstructure of YBSC(F)s-GDC cathodes fabricated 




SEM image of YBSCF25-GDC|GDC|Ni-GDC with an overview of the three layers, indicating that the 
porous cathode (15 µm) and dense electrolyte (20 µm) appear adhered well. The electrolyte is fine and 
dense without any pores or cracks. As depicted in Figure 2-4 (b)-(e), the detailed microstructures of the 
porous YBSC(F)-GDC cathodes are similar, and the particle size seems to be insensitive to the amount 
of Fe substitution. 
 
2.3.3. TGA 
Figure 2-5 (a) presents the temperature dependence of the oxygen nonstoichiometry for YBSC(F)s, 
determined by a thermogravimetric analysis (TGA) from 100 to 900 oC in air. The initial oxygen content 
is determined from iodometric titration and the YBSC(F)s start to lose oxygen above 300 oC. The data 
in Figure 2-5 (b) reveal that the extent of oxygen loss decreases with increasing Fe content, which is 





Figure 2-5 (a) Variation of oxygen content in YBSC(F)s and (b) the variation in oxygen loss 




2.3.4. Electrical conductivity 
The temperature dependence of the electrical conductivity of YBSC(F)s in air is presented by an 
Arrhenius plot in Figure 2-6. The sudden decrease in the conductivity of YBSC(F)s above 400 oC is 
characteristic of a metal-insulator (M-I) transition accompanied by the low-spin to high-spin transition 
of Co3+ ions.[28], [29] Above the M-I transition temperature, 400 oC, the electrical conductivity 
decreases due to the increasing loss of oxygen content. This might originate from the decreased 
concentration of oxygen, which can be described by the predominant defect according to the following 
pseudo-chemical reaction:[30] 
1
2  + 8t
∙∙ + dcrs ↔ t + 2dcrs∙  
This gives the following equation to maintain the el ctroneutrality: 
[8t∙∙] = 2[dcrs∙ ] 
Therefore, the decrease in the oxygen content via increasing temperature gives rise to a decrease in 
electronic holes, which is associated with the electronic conductivity of the samples. 
At a given temperature, the electrical conductivity decreases with increasing Fe content in YBSC(F)s. 
This is attributed to the decreased covalency of the Fe4+-O bond compared to the Co4+-O bond resulting 
 
Figure 2-6 Electrical conductivities of YBSC(F)s in a temperature range 100-750 oC in air. 
 
Figure 2-7 Impedance spectra of the YBSC(F)s-GDC composite on the GDC electrolyte in a 




in an increase of electron localization and a decrease of electrical conductivity with increasing Fe 
content.[23], [31] The electrical conductivities of all samples are within a range of 408-78 S/cm at 600 
oC, which is adequate for their use as cathodes in SOFCs. 
 
Table 2-4 Electrochemical impedance spectroscopy fitting results of 
YBSC(F)s-GDC measured at 600 oC in air 
Composition R1 (Ω cm2) R2 (Ω cm2) R3 (Ω cm2) Rp (Ω cm2) 
YBSC 1.0425 0.0767 0.0003 0.0770 
YBSCF25 1.0767 0.0774 0.0006 0.0780 
YBSCF50 0.9668 0.0990 0.0009 0.0999 
YBSCF75 1.0115 0.1174 0.0017 0.1191 
 
Table 2-5 ASR comparision in composite system at 600 oC 
Chemical composition ASR values (Ω cm2) 
YBSCF25-GDC (in this work) 0.077 (40 wt% GDC) 
La0.6Sr0.4Co0.2Fe0.8O3-GDC[32] 0.105 (60 wt% GDC) 
Sm0.5Sr0.5CoO3-Sm0.2Ce0.8O1.9 (SDC)[33] 0.180 (30 wt% SDC) 
 
 
Figure 2-8 I-V curves and the corresponding power density curves of a single cell for (a) YBSC-






The ASRs of YBSC(F)s-GDC are obtained by alternating current (AC) impedance spectroscopy to 
determine the electrocatalytic activity of cathode for ORR. The impedance curves were fitted with an 
equivalent circuit, as shown in Figure 2-7. In this d agram, the intercept with the real axis at high 
frequency corresponds to ohmic resistance (R1), consisting of the resistances from the electrolye, 
electrodes, and current collectors (mainly originated from electrolyte). According to the previous 
interpretation, the electrode response consists of w  main contributions at high frequency and low 
frequency.[34] The contribution at high frequency corresponds to R2, which involves charge transfer 
process, including the migration and diffusion of oxygen ions from the triple-phase boundary (TPB) 
into the electrolyte. The contribution at low frequncy (R3), on the other hand, is associated with non-
charge transfer processes including oxygen surface ex hange, solid-state diffusion, and gas-phase 
diffusion. 
The polarization resistance (Rp) of the cathode materials is defined by the sum of R2 and R3. The values 
of Rp are increased with the amount of Fe as summarized in Table 4. In detail, most of the total cell 
impedance comes from R2, implying that the process of charge transfer is a key factor for the oxygen 
reduction reaction in YBSC(F)s cathode, which is in agreement with the results of a previous study.[20] 
As summarized in Table 5, the minimum ASR value is about 0.077 Ω·cm2 at 600 oC for x = 0 and 0.25, 
which is substantially lower than the values presented in previous reports.[19], [20], [22], [32], [33] 
 
2.3.6. Single cell performance 
The cell performance of the YBSC(F)s-GDC cathodes in SOFCs is measured using Ni-
GDC/GDC/cathode cells with humidified H2 (3% H2O) as a fuel and ambient air as an oxidant in a 
temperature range of 500-650 oC. Figure 2-8 shows that the OCV values are approximately 0.83V at 
 
Figure 2-9 Long term cell stability result for YBSCF25-GDC under a constant voltage of 0.6 V 




650 oC and increase with decreasing operating temperatur. As expected from the ASR 
results, YBSCF25 shows the best cell performance, ~1.5 W cm-2 at 600 oC, and then the cell 
performance is reduced for x = 0.5 and 0.75. 
Moreover, as presented in Figure 2-9, the long-term cell stability of YBSCF25-GDC cathode using the 
same cell configuration and gas for single cell wasevaluated under a constant voltage of 0.6 V at 550 
oC, showing its moderate cell stability with a power d nsity of 0.36 W cm-2 over 50 h. 
In conclusion, YBSCF25 is regarded as a promising cathode material for IT-SOFCs with Fe 
substitution in YBSC because of the enhanced structu al stability, sufficient electrical properties and 
excellent electrochemical performance. 
 
2.4. Conclusions 
We investigated new layered perovskite oxides YBa0.5Sr0.5Co2-xFexO5+δ (x = 0, 0.25, 0.5, and 0.75) by 
analyzing their structural properties, thermal expansion coefficient (TEC), electrical properties, and 
electrochemical performance for application to an IT-SOFC cathode. The XRD spectra demonstrate that 
all samples are chemically compatible with the GDC electrolyte. The Fe-doped YBSCs exhibit 
enhanced structural stability compared to the YBSC under practical operating conditions. This is 
ascribed to the higher amount of oxygen in the Y-O layer with Fe doping. The electrical conductivities 
are also suitable under actual operating conditions f r all YBSC(F)s. Further, remarkable power density 
of 1.5 W cm-2 for x = 0.25 at 600 oC is also demonstrated. Considering the reduced TEC with YBSC(F)s, 
enhanced structural stability, and achieved power density, the x = 0.25 sample represents an optimum 
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Chapter 3 Cation Swapped Homogeneous Nanoparticles in Perovskite 
Oxides for Highly-efficient Power Density 
 
This chapter has been published and has been cited in the thesis by co-author O. Kwon. 
Reproduced with permission from S. Joo, O. Kwon, K. Kim, S. Kim, H. Kim, J. Shin, H. Y. Jeong, S. 
Sengodan, J. W. Han, G. Kim, Nat. Commun. 2019, 10, 697. This work is licensed under the Creative 
Commons Attribution 4.0 International License (CC BY 4.0). Copyright 2019 The Authors. 
 
3.1. Introduction 
Exsolution has been recently explored as a method for the preparation of nanoparticles (NPs) with 
superior catalytic activity and durability for energy conversion and storage. Specifically, exsolution 
refers to the formation of metal nanoparticles on the surface of a metal oxide via the release and 
anchoring of cations from the host lattice to the oxide surface in a reducing atmosphere, producing 
catalysts with enhanced lifetime compared to traditional deposition techniques (e.g., chemical vapor 
deposition or wet impregnation) by avoiding particle agglomeration.[1], [2] 
Despite its benefits, the exsolution process presents two major challenges. Firstly, a significant amount 
of exsolved metal can remain embedded in the host bulk due to the limited diffusion rate of metal 
cations.[3], [4] Secondly, exsolution can cause structural instability in the host material due to excssive 
loss of cations.[5] To overcome these challenges, sveral factors governing the degree of exsolution, 
such as the nature of the host lattice and environmental conditions,[6] have been extensively 
investigated in simple perovskite[7], [8] (ABO3) or layered perovskite[9]-[13] (AA’B2O5). For example, 
A-site deficiency (A/B < 1) in perovskite oxide (ABO3) has been actively researched recently in terms 
of cation stoichiometry/non-stoichiometry manipulation.[7], [14]-[16] 
Meanwhile, topotactic ion exchange is an interesting soft chemical method that has been applied to 
numerous perovskite-related compounds for cation replac ment.[17], [18] Therefore, it could be 
envisaged as a solution with wide applicability forthe complete exsolution of metal cations without 
leaving cation defects in the host lattice, thereby maintaining the overall structural features of the parent 
metal oxide.[17] 
Herein, we report the use of topotactic ion exchange to overcome the problems associated with common 
exsolution techniques. When a stoichiometric layered p rovskite oxide (AA’B2-xCxO5+δ) is used, the 
exsolution of y moles of C metal from the B site would be accompanied by the formation of the 
corresponding amount of B-site vacancies (Schottky-type defect) (equation 1). In contrast, in the 
topochemical ion exchange concept, such layered perovskite oxide can yield x moles of exsolved C 
metal by the ion exchange with x moles of the guest cation G (equation 2). Overall, the topochemical 




connectivity of the B–O–B network for an efficient oxygen transport and electron conduction. 
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We selected the layered perovskite PrBaMn1.7Co0.3O5+δ (PBMCo) as the host and Fe (Fe3+/Fe4+) as the 
guest cation. A previous study revealed that, in layered perovskite, the Co cation has a higher tendency 
to be exsolved toward the surface than Fe, mainly due to the higher co-segregation energy of Co (−0.55 
eV) compared to that of Fe (−0.15 eV).[9] Therefore, when the Fe guest cation is externally introduced 
into the host material, the initial host PBMCo can be converted to PrBaMn1.7Fe0.3O5+δ (PBMFe) through 
topotactic cation exchange. This simple synthetic approach not only can readily exsolve most of the 
cations from the bulk lattice but also can produce new compounds with multiple functionalities by 
exsolving nanoparticles without leaving cation defects. Moreover, we illustrate that the as-exsolved 
particles exhibit high catalytic activities, which are verified by solid oxide fuel cell anode test and dry 
reforming reaction of methane. 
 
Table 3-1 Nomenclature for the compounds based on the Fe infiltrated PBMCo system 
Compound Abbreviations 
PrBaMn1.7Co0.3O5+δ PBMCo 
PrBaMn1.7Co0.3O5+δ + 3 wt. % infiltration of Fe PBMCo-3-Fe 
PrBaMn1.7Co0.3O5+δ + 7 wt. % infiltration of Fe PBMCo-7-Fe 
PrBaMn1.7Co0.3O5+δ + 12 wt. % infiltration of Fe PBMCo-12-Fe 
PrBaMn1.7Co0.3O5+δ + 15 wt. % infiltration of Fe PBMCo-15-Fe 
PrBaMn1.7Co0.3O5+δ + 12 wt. % infiltration of Co-Fe PBMCo-12-CoFe 
PrBaMn2O5+δ PBM 
PrBaMn2O5+δ + 12 wt. % infiltration of Fe PBM-12-Fe 
PrBaMn2O5+δ + 12 wt. % infiltration of Co PBM-12-Co 
PrBaMn1.7Fe0.3O5+δ PBMFe 






New layered perovskite 









Residual layered perovskite 







wt. %: weight percent to anode 
 
3.2. Experimental 
3.2.1. Synthesis of parent materials 
Pr0.5Ba0.5Mn0.85Co0.15O3-δ, Pr0.5Ba0.5Mn0.85Fe0.15O3-δ, and Pr0.5Ba0.5MnO3-δ were prepared by the Pechini 
sol-gel synthesis method. The required amounts for toichiometry of Pr(NO3)3∙6H2O (Aldrich, 99.9%, 
metal basis), Ba(NO3)2 (Aldrich, 99+%), Mn(NO3)2∙4H2O (Aldrich, 98%), Fe(NO3)3∙9H2O (Aldrich, 
98+%), and Co(NO3)2∙6H2O (Aldrich, 98+%) were dissolved in distilled water. After complete 
dissolution, proper amounts of ethylene glycol and citric acid as complexing agents were added to the 
solution and combustion process on heating plate is followed to make fine powders. These powders 
were calcined at 600 oC for 4 h to eliminate organic residue. The chemical composition of the 
synthesized powders and their abbreviations are givn in Table 3-1. 
 
3.2.2. Fabrication of fuel cells 
Commercial electrolyte powders, La0.9Sr0.1Ga0.8Mg0.2O3-δ, (LSGM, 99.9% Kceracell) was pressed into 
pellet of 0.9 g and sintered at 1475 oC. After sintering, pellet was polished to about 250 µm. A buffer 
layer, La0.4Ce0.6O2-δ (LDC) was prepared by ball milling stoichiometric amounts of La2O3 and CeO2 
(Sigma, 99.99%) in ethanol and then calcined at 1,000 oC for 6h. LDC is applied between anode and 
electrolyte to prevent ionic inter-diffusion. Anode powder PBMCo was mixed with an organic binder 
(Heraeus V006) (1:2 weight ratio) to make slurry ink. Cathode powders composed of 
PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF)-Ce0.9Gd0.1O2-δ (at a weight ratio of 60:40) were mixed with an 
organic binder (1:1.2 weight ratio) for a cathode slurry ink as described elsewhere.[19], [30] These 
electrode inks were applied on the LSGM electrolyte pellet by screen printing method to produce a 
configuration of PBMCo | LDC | LSGM | PBSCF-GDC, which was followed by sintering at 950 oC in 
air for 4 h. The Fe precursor solution was infiltrated on PBMCo after sintering. The porous electrodes 
had an active area of 0.36 cm2 and thickness about 20 µm. For the electrochemical tests, Ag wires were 
fixed to both electrodes using Ag paste as current collectors and the cell was sealed on an alumina tube
using a ceramic adhesive (Ceramabond 552, Aremco). The entire cell was placed inside a furnace and 
heated to the desired temperature. I-V polarization curves were measured using a BioLogic Potentiostat. 
 
3.2.3. Infiltration 




Fe and Co-Fe were prepared in 0.7 M by dissolving an appropriate amount Fe(NO3)3∙9H2O (Aldrich, 
98+%), Co(NO3)2∙6H2O (Aldrich, 98+%), and citric acid into distilled water. Precursor solutions were 
infiltrated into porous PBMCo with various weight percent to parent material (3, 7, and 12 wt. %) and 
then calcined in air at 450 oC for 4 h. This infiltration procedure was repeated to achieve the targeted 
weight percent. 
 
3.2.4. Exsolution characterization 
To compare the exsolution phenomenon with varying the amount of the deposited Fe on PBMCo, pre-
calcined PBMCo was fired at 950 oC in air for 4 h. The sintered PBMCo was infiltrated with Fe 
precursor solution and reduced at 850 oC in H2 atmosphere (with 3% H2O) for 4 h. 
The crystal structures of the samples were identified by an XRD (Bruker, D8 Advance, Cu Ka radiation, 
40 kV, 40 mA). The morphologies of materials were investigated using SEM (FEI, Nova Nano 230 FE-
SEM). TEM images were obtained with a FEI Titan (3) G2 60-300 with an imaging-forming Cs 
corrector at an accelerating voltage of 80 kV. N2 adsorption and desorption isotherms measurement was 
carried out at -196 oC (BELSORP-Mini II, BEL Co.) to evaluate the pore structure and specific surface 
area. The specific surface area of the catalysts was calculated from the N2 adsorption and desorption 
isotherms results by the BET method. XPS analyses were conducted on ESCALAB 250XI from Thermo 
Fisher Scientific with a monochromatic A1-Kα (ultraviolet He1, He2) X-ray source. 
 
Figure 3-1 Top and side views of surface model structures of Fe infiltrated PBMCo used in our 
DFT calculations. Note that the locations of initial and final states of the segregated Co are 
assumed to be the first and the fifth layers in our slab model. For the calculations of Fe 
infiltrated PBMCo, one Fe atom is added on the surface of PBMCo. The oxygen vacancy 






3.2.5. Computational details 
DFT calculations were carried out using the Vienna Ab initio Simulation Package (VASP)[31], [32]. 
Exchange-correlation energies were treated by Perdew-Burke-Ernzerhof (PBE) functional based on 
generalized gradient approximation (GGA)[33]. An energy cutoff of 400 eV was used for plane-wave 
expansion. A 3 × 3 × 1 Monkhorst-Pack k-point sampling of the Brillouin zone was used for all slab 
calculations[34]. Gaussian smearing was used with a width of 0.05 eV to determine partial occupancies. 
Geometries were relaxed using a conjugate gradient algorithm until the forces on all unconstrained 
atoms were less than 0.03 eV/Å. In order to take into account for on-site Coulomb and exchange 
 
Figure 3-2 Schematic illustration for DFT-calculated energetics at each elementary step. The 
incorporation energy was defined by the total energy difference between the systems where 
the infiltrated Fe is located on the surface of PBMCo and at the surface B-metal lattice of (a) 
Mn or (b) Co. (c) The Co-Fe exchange energy was calculated by the total energy difference 
between the systems before and after the exchange of the location of surface Fe and bulk Co. 
(d) The alloy formation energy was calculated by the total energy difference between the 
systems where two different B-site metals are separated and aggregated. (e) The oxygen 
vacancy formation energy was calculated by total energy difference of the supercells with and 




interactions, GGA+U schemes were used with the effective U values of 4.0, 3.3, and 4.0 for Mn, Co, 
and Fe, respectively. The 8 layered PBMO slab model was constructed with the vacuum thickness of 
up to 17 Å in the z-direction by cleaving a bulk PBMO structure[9]. The dopant position at top surface 
or in 5th layer represents that it is located at surface or in bulk, respectively. 
In order to describe the alloy formation, we substituted two Mn atoms with Co or Fe atom in PBMO 
(Figure 3-1). The Gibbs free energies were also calcul ted for the thermodynamics of alloy and oxygen 
vacancy formation based on our previous calculation scheme (Figure 3-2)[9]. 
 
3.2.6. Catalytic activity of dry-reforming of methane 
Catalytic activity for dry reforming of methane was evaluated through gas chromatography (GC) 
(Agilent 7820A GC instrument) with a thermal conductivity detector (TCD) and a packed column 
(Agilent carboxen 1000). The gas used for GC measurment were controlled using a mass flow 
controller (MFC) (Atovac GMC1200) and the exact volume value of gas was calibrated through a 
bubble flow meter. 
The 0.2 g of sample powder (950 oC sintered in air for 4 h) was prepared and packed in the middle of 
the quartz tube reactor using glass wool. The sample powder was in-situ reduced at 900 oC for 30 
minutes while blowing humified H2 (3% H2O) gas in a quartz tube reactor. 
After reduction, purging for 1 hour with He gas befor  each measurement to remove residual H2, then 
CO2, CH4, and He were inserted with a ratio of 20:20:60 ml min-1, respectively. 
The dry reforming reaction is shown as below, CO2 conversion and CO selectivity were  calculated 
using the following equations.[35], [36] 
CHe + CO  ↔ 2CO + 2H S∆Hfg = 247 kJ/molU 
CO conversion =  
[CO]
[CO]
× 100% = [CO][CO] + 2[CO]
× 100% 







3.3. Result and discussion 
3.3.1. System for the topotactic ion exchange/exsolution 
 
Table 3-2 The amount of infiltrated Fe in mole percentage. 
Sample 
Weight percent of Fe2O3 
infiltrated (%) 
Mol of Fe2O3 for the 
weight percentage to 1 
mol of PBMCo 
Mole of Fe 
PBMCo-12-Fe 12 0.35 0.18 
PBMCo-7-Fe 7 0.21 0.10 
PBMCo-3-Fe 3 0.09 0.04 
Remarks *(Weight for 1 mol of PBMCo) = 469.28 g/mol 
*(Weight for 1 mol of Fe2O3) = 159.69 g/mol 
 
In this work, a layered stoichiometric perovskite, PrBaMn1.7Co0.3O5+δ, was selected as the ion exchange 
host for the preferential exsolution of Co to exemplify the topotactic manipulation. We selected Co as 
exsolving cation since Co in the B sites has the highest co-segregation energy toward exsolution among 
various transition metals (Mn, Co, Ni, and Fe), whereas Fe was chosen as the guest material with the 
lowest co-segregation energy.[9] The deposition of guest cation was done by infiltrating a nitrate 
solution having different weight percentages of Fe (0, 3, 7, and 12 wt.% with respect to the host material) 
on Pr0.5Ba0.5Mn0.85Co0.15O3-δ. The amount of infiltrated Fe was also calculated in a mole percentage as 
shown in Table 3-2. After the infiltration, Pr0.5Ba0.5Mn0.85Co0.15O3-δ deposited with Fe oxide was 
annealed in humified hydrogen at 850 °C to exsolve nanoparticles along with phase transition from 







Figure 3-3 Schematic of exsolution process and DFT calculations. (a) Exsolution process with 
and without topotactic ion exchange. (b) Topotactic ion exchange energetics for the mechanism 
of particle exsolution via Fe infiltration on the PBMCo surface. (c) The unfavorable 
incorporation energy of infiltrated Fe with Mn of t he top surface. (d) Calculated energetics for 




3.3.2. Ion exchange and density functional theory calculation 
In the process of Co exsolution under a reducing atmosphere, the Co cation in the host material PBMCo 
undergoes topotactic ion exchange with the deposited Fe due to the difference of co-segregation energy 
between Co and Fe. Thus, Co tends to be exsolved to the surface while Fe remains in the bulk in the 
PrBaMn1.7T0.3O5+δ system (T = Mn, Ni, Co, or Fe).[9] In a stoichiometric layered perovskite, the 
exsolution of transition metal cation was observed along with the phase transition under a reducing 
atmosphere (R1 in Figure 3-3a), leaving B-site vacancies (Schottky-type defect). Under typical 
conditions, only a limited fraction of B-site transition metal can be exsolved. In a stoichiometric layered 
perovskite of PrBaMn1.7Ni0.3O5+δ composition, only 58% of Ni can migrate to the surface, leaving many 
B-site vacancies,[9] with the concomitant decrease in both the oxygen ion conduction and electron 
conduction paths. On the contrary, for the topotactic ion exchange/exsolution method (R2 in Figure 3-
3a), the guest cation is deposited on the patent stoichiometric layered perovskite material followed by 
reduction. During the exsolution process, the topotactic ion exchange occurs between the lattice Co and 
the deposited Fe. In parallel, all the Co cations from the B sites are exsolved without the formation of 
B-site vacancies. The filling of the B sites eventually leads to improved ionic and electrical conduction 
paths. In the topotactic ion exchange process, Fe dissolves into the underlying perovskite lattice due to 
its low co-segregation energy compared to that of other transition metals. 
To simulate the topotactic ion exchange process between B-site cations, DFT calculation was performed. 
We assumed that the process occurs through two major st ges, i.e., (1) incorporation of the infiltrated 
Fe into the lattice and (2) exchange between the incorporated Fe and the host Co, and the energy at each 
stage was investigated. This mechanism of cation exchange in layered perovskites can be expressed in 
point defect (Schottky-type defect) reactions as follows: 
Exsolution without cation exchange, 
Co× + O× ↔ CoO + V + V      (4) 
CoO ↔ CoS¡¢¢£ ¤¢£U +  O   (5) 
Exsolution by topotactic ion exchange, 
Co× + O× + FeOS££¢¦¡U ↔ CoOS¤¢§U + V + Fe×   (6) 
CoO ↔ CoS¡¢¢£ ¤¢£U +  O     (7) 
Where Co×  denotes the Co in the Co site with net charge zero, O× denotes oxygen in the oxygen 
site with net charge zero, V denotes the oxygen ion vacancy with the net charge of +2, V    denotes 
the cation vacancy in the Co site with the net charge of −2, Fe×  denotes the incorporated Fe in the Co 
site with net charge zero, and FeO/CoO denotes the Fe/Co oxide, respectively. 
Once Fe is deposited on the host PBMCo, Fe incorporates into the near surface of PBMCo through the 




the near surface of PBMCo, we compared two possible exchange pathways, Fe ↔ Co and Fe ↔ Mn, 
on the B cation layer of the surface. Our results show that Fe ↔ Co (−0.41 eV) is thermodynamically 
more favored than Fe ↔ Mn (0.22 eV) (Figure 3-3b and Figure 3-3c). Thus, the incorporation of Fe 
occurs through its exchange with Co. After the incorporation, further exchange between the 
incorporated Fe and the bulk Co is thermodynamically f vorable, with an exchange energy of −0.34 eV. 
Therefore, it can be concluded that Co exsolution is facilitated by the incorporation of Fe. 
 
Figure 3-4 SEM images and population of exsolved particles. (a) Sample preparation process 
for confirming the correlation between the amount of infiltrated Fe and the population of 
exsolved nanoparticles. (b)–(e) SEM images of (b) PBMCo, (c) PBMCo-3-Fe, (d) PBMCo-7-
Fe, and (e) PBMCo-12-Fe (exsolved nanoparticles are highlighted in yellow highlight); scale 
bars are 500 nm. (f) Number of exsolved particles in specific area counted by Image J. (g) 




Next, the Co–Fe exchange energy was calculated as a function of the incorporated Fe concentration in 
an arbitrary unit (Figure 3-3d). As the arbitrary concentration of the incorporated Fe increases up to the 
specific concentration, the Co–Fe exchange is thermodynamically favored. This also supports that the 
Fe incorporation into the host PBMCo possibly accelerates Co exsolution. The Gibbs energy of 
aggregation (∆Gaggr.U of Co–Ov–Fe at the surface (surface alloy formation) is 0.01 eV, implying that the 
aggregation of Co and Fe requires only little energy on the surface. This result is consistent with that of 
the TEM investigation that will be discussed later, which evidences the formation of a Co–Fe alloy. In 
 
Figure 3-5 SEM images and population of particles. (a) SEM image of PBMCo-15-Fe; scale 
bar 500 nm. (b) Comparison of the specific surface area between samples calculated by the 
BET methods. (c) SEM image of PBM-12-Fe; scale bar 500 nm. 
 
 
Figure 3-6 N2 adsorption and desorption isotherms measurement of (a) PBMCo, (b) PBMCo-




addition, the lower oxygen vacancy formation energy at the surface of PBMCo-12-Fe (2.52 eV) 
compared to that of the host PBM (2.97 eV) would promote further reduction of Co–Fe aggregation to 
form Co–Fe alloy NPs. 
 
 
3.3.3. Correlation between exsolved particles and infiltrat on 
To provide evidence of the occurrence of topotactic ion exchange, we varied the amount of infiltrated 
Fe precursor and investigated the correlation betwen the amount of Fe deposition and the population 
of exsolved nanoparticles through scanning electron microscopy (SEM) and Brunauer–Emmett–Teller 
 
Figure 3-7 TEM analysis of exsolved particles and the parent material of PBMCo-12-Fe. (a) 
HAADF scanning TEM image of PBMCo-12-Fe. (b) EDS elmental map of Pr, Ba, Mn, Co, 
and Fe; scale bar 20 nm. (c) EDS spectrum of the exsolved nanoparticles. (d) EDS spectrum 
of the parent material of PBMCo-12-Fe. (e) HADDF scanning TEM image of PBMCo-12-Fe 
(blue square in Figure 3-7a) and the corresponding fast-Fourier transformed pattern with 
zone axis = [100]; scale bar 5 nm. (f) EDS elemental map of Pr, Ba, Mn, Fe, and Co in the 




(BET) analysis. Figure 3-4a shows the schematics of the experimental process. The SEM images of 
PBMCo, PBMCo-3-Fe, PBMCo-7-Fe, and PBMCo-12-Fe are shown in Figure 3-4b–e. The 
micrographs illustrate that spherical exsolved nanop rticles of 20–50 nm are evenly distributed on the 
surface of the parent material. Interestingly, as the amount of infiltrated Fe precursor increase from 0 to 
12 wt.%, more spherical particles seem to be exsolved to the surface of the layered perovskite. To 
provide a more quantitative correlation between the population of particles and the amount of deposited 
Fe, the exsolved nanoparticles in a specific area wre numbered by an image analysis tool (Image J 
software). As seen in Figure 3-4f, the results demonstrate that the amount of deposited Fe oxides 
promotes exsolution, particularly a significant increase up to 12 wt.% of infiltrated Fe oxides. With the
amount of 15 wt.% infiltration, number of the exsolved nanoparticles in a specific area is not deviated 
from that of 12 wt.% (counted as 98 particles shown in Figure 3-5a), indicating that the promotion of 
exsolution is saturated at the certain amount of the deposition. These trends are in good agreement with 
the BET analysis of the specific surface area of the material, as shown in the right axis of Figure 3-4f, 
Figure 3-5 and Figure 3-6. This can be explained by the fact that the specific surface area is affected 
only by the exsolved nanoparticles, not by the amount f Fe deposition. To validate this statement, we 
deposited Fe on Pr0.5Ba0.5MnO3-δ and annealed it in H2 to form a PBM with layered perovskite structure. 
The samples with 12 wt.% Fe (PBM-12-Fe) and without Fe (PBM) show a specific surface area of 1.16 
and 1.17 m2 g−1, respectively (Figure 3-5b), and the surface morphlogy of PBM-12-Fe (Figure 3-5c) 
appears to be smooth, indicating that the contribution to the specific surface area by infiltration of 12 
wt.% Fe on the layered perovskite support is negligible.  
 
3.3.4. Examination of exsolved particles and parent oxide 
To investigate the crystalline structure and composition of the layered perovskite with exsolved 
nanoparticles, we examined the samples using transmission electron microscopy (TEM). As shown in 
 
Figure 3-8 (a) X-ray diffraction patterns of PBMCo and PBMCo-12-Fe samples around 22 o.
HR TEM image of (b) PBMCo and (c) PBMCo-12-Fe samples and the corresponding fast-




the high-angle annular dark field (HAADF) scanning TEM image of PBMCo-12-Fe (Figure 3-7a), 
nanoparticles having about 30 nm diameter were exsolved from the parent material. In addition, the 
PBMCo-12-Fe sample was subjected to energy dispersive spectroscopy (EDS) (Figure 3-7b), showing 
that the exsolved nanoparticles consist of a Co–Fe alloy, and the parent layered perovskite contains Pr, 
Ba, Mn, and Fe, which is consistent with the EDS spectrum results (Figure 3-7c and d). This 
disappearance of Co in the lattice is due to the topotactic ion exchange between the lattice Co and 
deposited Fe, clearly showing that Co and Fe switch their lattice positions. To gain further insights on 
the crystal lattice and the topotactic ion exchange, we performed atomic-scale scanning TEM analysis. 
The A-site ordering was observed by a small additional spot in the fast-Fourier transformed (FFT) 
pattern indexed to (001) of the tetragonal structure (Figure 3-7e). Furthermore, atomic-scale EDS 
mapping was conducted in the parent oxide (orange rectangle in Figure 3-7e) to investigate the A-site 
cation ordering and the positions of Co and Fe (Figure 3-7f). It was found that the atomic positions of 
Pr, Ba, and Mn remained unaltered, while some Fe was observed in the position of Mn, which implies 
that Fe entered the B sites of PBMCo. Meanwhile, Co signals were not clearly observed in the EDS 
mapping, which demonstrates that most of the Co was exsolved to the surface due to the topotactic ion 
exchange with Fe. 
Moreover, we examined XRD peaks around 22 o to determine the change in lattice as exchanging cations 
(Figure 3-8a). The peaks around 22 o corresponding to (200) are 22.79 o and 22.37 o for PBMCo and 
PBMCo-12-Fe, respectively. The peak shift to the left indicates that the lattice expansion occur due to 
the cation exchange of smaller Co ions (Co2+ (r=0.745 Å) or Co3+ (r=0.545 Å)) and larger Fe ions (Fe2+ 
(r = 0.780 Å) or Fe3+ (r=0.645 Å)).[19], [20] We also measured high-resolution TEM to confirm the 
lattice constants before and after the exchange. As shown in the HR TEM images, the lattice spaces 
 
Figure 3-9 X-ray diffraction patterns of Pr0.5Ba0.5Mn0.85Co0.15O3-δ sintered at 950 





between (001) planes of before (Figure 3-8b) and after (Figure 3-8c) exchange are identified as 0.803 
and 0.815 nm by fast-Fourier transformed pattern, respectively. Therefore, it can be concluded that the 
lattice constant of the layered perovskite somewhat increases after the exchange between Co and Fe. 
 
3.3.5. X-ray diffraction and X-ray photoelectron spectroscopy analysis 
The perovskite oxides were analyzed by X-ray diffraction before and after reduction. From the XRD 
diffraction pattern (Figure 3-9), it can be deduced that the host material samples sintered at 950 °C in 
air for 4 h exhibit simple perovskite structures of mixed cubic and hexagonal phases without secondary 
 









phase. The diffraction patterns of the PBMCo, PBMCo-3-Fe, PBMCo-7-Fe, and PBMCo-12-Fe 
samples are shown in Figure 3-10. Under a reducing atmosphere, all the samples experience phase 
transition from simple perovskite to layered perovskite along with the formation of exsolved 
nanoparticles on the surface of host materials. For PBMCo, the peak for exsolved Co metal is observed 
at 2θ = 44.26o (JCPDS card#15-0806). As the amount of deposited Fe incr ases, the peak for metal is 
lower-angle shifted (44.26 o for PBMCo and PBMCo-3-Fe and 44.17 o for PBMCo-7-Fe and PBMCo-
12-Fe, respectively) due to the formation of the Co–Fe alloy, which originates from the dissolution of 
Fe in the Co lattice.[21] The diffraction pattern of PBMCo-12-Fe exhibits several additional peaks that
are absent in those of the other perovskite oxides. This can be ascribed to the formation of 
PrBaMn1.7Co0.3-yFeyO5+δ from Pr0.5Ba0.5Mn0.85Co0.15O3-δ as a result of the swapping between Co and Fe 
cations according to equation (8). When the B sites of Co are fully substituted by the Fe cations, the 
parent material is transformed into PrBaMn1.7Fe0.3O5+δ, whose characteristic peak splitting is easily 
 
Figure 3-12 Catalytic properties of the PBMCo-x-Fe samples. (a) I-V curve and the maximum 
power densities of the PBMCo-x-Fe samples. (b) Comparison of the maximum power density 
at 800 °C in H2 from the present work and other reported studies.[12], [23]-[27] (c) Conversion 
of CO2 and selectivity of CO measured for PBM, PBMCo, and PBMCo-12-Fe in dry reforming 
of methane at various temperatures. (d) Time-dependence of CO2 conversion for PBMCo-12-




distinguishable from that of PrBaMn1.7Co0.3O5+δ.[31] These results clearly demonstrate the topotactic 
ion exchange between the host cation Co and the deposit d Fe that leads to the selective exsolution of 
Co without any change in the crystal structure except the exchange of B-site cations. 
Pr.zBa.zMn.gzCo.zO"| + FeO" SdepositionU 
®¯°±⎯⎯⎯⎯⎯³ PrBaMn.#Co."}Fe}Oz{| + ~Co − Fe Sexsolution and formation of alloyU   (8) 
X-ray photoelectron spectroscopy (XPS) was performed to determine the oxidation states of B-site 
dopants in PBMCo-3-Fe, PBMCo-7-Fe, and PBMCo-12-Fe. As shown in Figure 3-11, the binding 
energy peaks of Fe ions in the bulk for Fe 2p3/2 and Fe 2p1/2 consist of 710 and 723.7 eV corresponding 
to Fe2+, 712.5 and 725.5 eV corresponding to Fe3+, respectively. For the all samples, Fe is present as the 






3.3.6. Catalytic activity 
To investigate the applicability of the present topotactic ion exchange/exsolution method, the 
electrochemical performance of fuel cells based on PBMCo-x-Fe as the anode was evaluated and 
compared with that of a PBM anode. The fuel cells with a configuration of PBMCo-x Fe | LDC | LSGM 
| PBSCF-GDC were tested in humidified H2 (with 3% H2O) as the fuel and ambient air as the oxidant. 
The maximum power densities (MPDs) were 0.826, 0.853, 0.938, and 1.834 W cm−2 for PBMCo, 
PBMCo-3-Fe, PBMCo-7-Fe, and PBMCo-12-Fe, respectively, at 800 °C in humidified H2 (Figure 
3-12a). The number of exsolved particles was found to increase with the amount of Fe infiltration due 
to the topotactic ion exchange, which resulted in atremendous enhancement of the electrochemical 
performance of the SOFC anode. In contrast, the samples without metal exsolution, i.e., the parent PBM 
 
Figure 3-13 I-V curve and power densities of the PBM, PBM-12-Fe, and PBM-12-Co at 800 oC 
in H2 (3% H2O). 
 
 
Figure 3-14 I-V curve and power densities of the PBMFe-12-CoFe and PBMCo-12-CoFe at 





anodes with deposited Co and Fe catalyst (Figure 3-13), showed no increment in the electrochemical 
performance, suggesting that the exsolved particles formed by topotactic ion exchange play a key role 
in the catalytic activity. 
To clarify the effect of the cation exchange on the electrochemical performance, Co–Fe infiltrated 
PBMFe and Co–Fe infiltrated PBMCo were evaluated (Figure 3-14). PBMFe was used for comparative 
purposes to simulate the parent material after the cation exchange, since the bulk of PBMCo-12-Fe is 
considered to alter to PBMFe through the cation exchange. The MPD values of PBMFe-12-CoFe and 
PBMCo-12-CoFe were determined to be 0.743 W cm−2 and 0.962 W cm−2, respectively, revealing that 
the catalytic activity of the Co–Fe alloy particles infiltrated on the parent PBMFe and PBMCo without 
topotactic cation exchange is not as high as that of the cation-exchanged PBMCo-12-Fe. This can be 
attributed to the difference in surface morphology between samples. As displayed in the HAADF 
scanning TEM image of the PBMFe-12-CoFe sample (Figure 3-15), the infiltrated Co–Fe alloy particles 
exist irregularly as coarsened particles with a size of 50–300 nm. In contrast, exsolved nanoparticles of 
20–50 nm are uniformly distributed on the surface of the PBMCo-12-Fe sample (Figure 3-4e). These 
results are in line with previous findings that present agglomeration and coarsening of catalytic NPs by 
infiltration as well-known concerns.[22] 
 
Figure 3-15 High-angle annular dark field (HAADF) image of PBMFe-12-CoFe (NPs formed 





The non-ohmic resistances for PBMCo-3-Fe, PBMCo-7-Fe, and PBMCo-12-Fe were 0.330, 0.237, and 
0.071 Ω cm2, respectively, at 800 °C in H2 (with 3% H2O) (Figure 3-16), which are consistent with the 
trends observed for the maximum power density. In particular, the single cell performance of PBMCo-
12-Fe demonstrates superior catalytic activity among recently developed ceramic anodes using 
exsolution[12], [23]-[27] (Figure 3-12b). Additionally, to measure the stability of the particles obtained 
via the topotactic ion exchange/exsolution method, we compared the SEM images of the PBMCo-12-
 
Figure 3-16 Impedance spectra of the PBMCo, PBMCo-3-Fe, PBMCo-7-Fe, and PBMCo-12-
Fe at 800 oC in H2 (3% H2O). 
 
 
Figure 3-17 Comparison in SEM surface morphology of PBMCo-12-Fe before and after 
exposure to H2 (with 3% H2O) at 800 
oC for 100 hours. The red circles indicate the exsolved 




Fe sample after prolonged exposure to 3% humidified hydrogen. As can be seen in Figure 3-17, the 
exsolved particles maintain their morphologies without undergoing agglomeration even after exposure 
at 800 °C in humidified H2 over 100 h. 
The catalytic activity of the samples for the dry reforming of methane (DRM) was also assessed using 
a quartz tube reactor, since Co-based species are known to be excellent catalysts for DRM.[28] At 
900 °C, the CO2 conversion using the PBMCo-12-Fe sample reached 30%, which is almost two times 
higher than that of PBMCo and four times higher than that of PBM, as shown in Figure 3-12c. The 
higher conversion of CO2 for PBMCo-12-Fe strongly supports its excellent capability as DRM catalyst 
with a long-term stability over 160 h (Figure 3-12d). As shown in Figure 3-18, Co-Fe alloy has an 
overall metallic phase after DRM reactions and some FeOx are formed on the surface of Co-Fe alloy 
due to the difference in redox property of Co and Fe[1]. The reactions involving CO2 oxidation and CH4 
reduction during DRM are given by the following steps (equation (9) to (11)) according to a Mars-van 
Krevelen (MvK) mechanism[29]. That is, Co-Fe alloy particles undergo de-alloying/re-alloying process 
during DRM and consequently, FeO on the surface reacts with carbon deposited on Co to form CO 
(equation (11)). 
CHe → C + 2H   (9) 
Fe + CO ↔ FeO + CO  (10) 




In summary, we have demonstrated the first example of a topotactic ion exchange/exsolution method 
 
Figure 3-18 High-angle annular dark field (HAADF) image of PBMCo-12-Fe sample with the 




that offers extensive control over the structure and properties of the obtained nanoparticles. The 
effectiveness of this approach emphasizes the utility of the topotactic ion exchange manipulation for 
the selective exsolution of catalytic nanoparticles in oxide materials. The topotactic cation exchange 
between Co and Fe can occur spontaneously due to thfavorable incorporation energy (−0.41 eV) and 
exchange energy (−0.34 eV) for the deposition of the guest material Fe on the host material PBMCo, 
consequently resulting in the transformation of PBMCo into PBMFe, according to the results of DFT 
calculation. The maximum power density of an electroly e-supported cell with a PBMCo-12-Fe anode 
reaches 1.834 W cm−2 in humidified H2 at 800 °C, achieving excellent electrochemical performance 
compared to other recently developed ceramic anodes. In addition, the catalyst activity in DRM is 
improved about four times and two times compared to PBM and PBMCo, respectively, at 900 °C. This 
approach based on topotactic cation exchange provides a powerful methodology for controlling the 
properties of exsolution by actively customizing the material through external cation intercalation, 
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4.1. Introduction 
As a new era of the gas economy has begun with the recent development of resources such as shale gas 
and methane hydrate, the natural gas reforming technology that can produce hydrogen in large quantities 
has brought into the spotlight.[1]-[3] Methane gas, a major component of natural gas, can be converted 
into syngas (a mixture of hydrogen and carbon monoxide) by reforming reactions (e.g., steam/dry 
reforming reaction of methane[4]-[7], partial oxidation[8]-[11], and autothermal reforming[12]). In 
particular, dry reforming of methane (DRM) has been actively researched since it can be a direct route 
for producing syngas, which can be the starting point for the synthesis of methanol, ammonia, and 
Fischer-Tropch reaction.[13] Ni-based supported catalys s have been widely used in DRM reactions, 
but the deactivation of catalysts due to coke formation or sintering has slowed their practical industrial 
applications. 
Among various methods[14], exsolution can be an effective way to avoid these limitations due to their 
excellent carbon coking resistance and sintering resistance.[15]-[18] In detail, exsolution refers to the 
formation of nanocatalysts on the oxide surface by releasing cations doped in the support oxide in 
reducing condition. The resulting nanocatalysts are abl  to possess strong metal-support interactions 
because they are ‘embedded’ on the surface, which is advantageous in the durability compared to 
conventional synthesizing methods such as wet impregnation or vapor deposition.[17], [19] Recently, 
the use of topotactic ion exchange has been reported as a way to facilitate the exsolution phenomenon 
along with producing alloy catalysts.[5] In this way, the complete exsolution of metal cations is 
achievable without leaving cation defects in the host lattice, thereby maximizing the exsolution 




Meanwhile, a method of altering the nature of the catalyst by introducing a second metal to Ni has been 
proposed as another approach to mitigate coking.[20]-[22] The integration of nickel with other metals 
can easily change surface properties to achieve bett r catalytic performance. Although noble metals 
(e.g., Pt[23], Ru[24], [25], Pd[26], Ir[24], [25], etc.) appear an attractive choice of material options as 
second metals with higher activity and better carbon resistance than Ni, they suffer from their high price 
and limited availability restricting a large-scale industrial use. Apart from noble metals, Fe can be a 
suitable choice as a second metal, as it combines good redox properties with Fe-Ni alloy formation upon 
intimate interaction between Fe and Ni.[25], [27], [28] 
Herein, we report the behavior of a highly efficient, stable, and inexpensive exsolved Ni-Fe 
nanocatalysts on the layered perovskite PrBaMn1.7Ni0.3O5+δ (PBMNi) using topotactic exsolution, 
where Fe (Fe2+/Fe3+) was adopted as the guest cation. As previously report d[18], Ni has a higher co-
segregation energy than Fe, so it tends to exsolve t ward the surface. Therefore, when the guest cation 
of Fe is employed on the surface of PBMNi where Ni is used as the host cation of B-site, the host 
PBMNi can be converted into PBMFe through the process of exchanging their sites (Figure 4-1). In 
other words, with the introduction of Fe, Ni-Fe can be easily created, and more nanoparticles latent 
beneath the surface can be exsolved to the surface. The Ni-Fe alloy nanoparticles decorated on the 
PBMNi oxide surface show a higher catalytic activity towards dry reforming of methane with enhanced 
stability (>100 hrs at 800 oC). 
 
Figure 4-1 Schematic of the process for conventional exsolution and topotactic exsolution; 





4.2.1. Synthesis of catalysts 




PrBaMn1.7Ni0.3O5+δ + 12 wt. % infiltration of Fe PBMNi-12-Fe 
PrBaMn1.7Fe0.3O5+δ + 12 wt. % infiltration of Fe PBMFe-12-Fe 
wt. %: weight percent to the anode 
Pr0.5Ba0.5Mn0.85Ni0.15O3-δ was prepared by the Pechini synthesis. The proper amounts of Pr(NO3)3·6H2O 
(Aldrich, 99.9%, metal basis), Ba(NO3)2 (Aldrich, 99+%), Mn(NO3)2·4H2O (Aldrich, 98%), and 
Ni(NO3)2∙6H2O were dissolved in distilled water to get stoichiometry. After complete dissolution, 
appropriate amounts of ethylene glycol and citric acid were added as complexing agents. This solution 
was thoroughly mixed with a magnetic stirrer and then combusted through the gelation process. The 
remaining powder was collected, followed by calcination at 600 oC for 4 hours to remove organic 
residue. The chemical composition of the samples and their abbreviations are given in Table 4-1 
Nomenclature for the compounds based on the Fe infiltrated PBMNi system 
 
4.2.2. Infiltration 
The deposition for topotactic exsolution was performed by infiltration technique. The appropriate 
amounts of Fe(NO3)3·9H2O (Aldrich, 98 + %) and citric acid were dissolved in distilled water to make 
a concentration of 0.7 M. The precursor solution was infiltrated in porous Pr0.5Ba0.5Mn0.85Ni0.15O3-δ and 
calcined for 4 hours at 450 oC in air. The infiltration process was repeated until the desired weight 
percent. 
 
4.2.3. Exsolution characterization 
To compare the exsolution phenomenon, pre-calcined PBMNi was fired at 950 °C in air for 4 h. The 
sintered PBMNi was infiltrated with Fe precursor soluti n and reduced at 850 °C in H2 atmosphere 
(with 3% H2O) for 4 h. The crystal structures of the samples wre identified by XRD (Bruker, D8 
Advance, Cu Ka radiation, 40 kV, 40 mA). The morphologies of materials were investigated using SEM 
(FEI, Nova Nano 230 FE-SEM). TEM images were obtained with a JEOL JEM 2100F with a probe 
forming (STEM) Cs (spherical aberration) corrector at 200 kV. N2 adsorption and desorption isotherms 




area. The specific surface area of the catalysts was calculated from the N2 adsorption and desorption 
isotherms results by the BET method. 
 
4.2.4. Catalytic activity of DRM 
Catalytic activity for DRM was evaluated through gas chromatography (GC) (Agilent 7820 A GC 
instrument) with a thermal conductivity detector (TCD) and a packed column (Agilent carboxen 1000). 
The gas used for GC measurement was controlled using a mass flow controller (Atovac GMC1200) and 
the exact volume value of gas was calibrated through a bubble flow meter. The 0.2 g of sample powder 
(950 °C sintered in air for 4 h) was prepared and packed in the middle of the quartz tube reactor using 
glass wool. The sample powder was in-situ reduced at 900 °C for 30 min while blowing humified H2 
(3% H2O) gas in a quartz tube reactor. After the reduction, the quartz tube was purged for 1 h with He 
gas to remove residual H2, then CO2, CH4, and He were inserted with a ratio of 20:20:60 ml min−1, 
respectively. The dry reforming reaction is shown as below, CO2 conversion and CO selectivity were 
calculated using the following equations[4], [29]: 
 
CHe + CO  ↔ 2CO + 2H S∆Hfg = 247 kJ/molU 
CO conversion =  
[CO]
[CO]
× 100% = [CO][CO] + 2[CO]
× 100% 
CO selectivity = [CO][CO] + [CO]
× 100% 
 
4.2.5. Fabrication of fuel cells 
Commercial electrolyte powders, La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM, 99.9% Kceracell), was pressed into 
a pellet of 0.9 g and sintered at 1475 oC. After that, the pellet was polished to about 250µm. La0.4Ce0.6O2-
δ was used as a buffer layer between anode and electrolyte to prevent ionic inter-diffusion. Anode 
powder PBMNi was mixed with an organic binder (Heraeus V006) (1:2 weight ratio) to make slurry 
ink. Cathode powders composed of PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF)-Ce0.9Gd0.1O2−δ (at a weight ratio 
of 60:40) were mixed with an organic binder (1:1.2 weight ratio) for a cathode slurry ink. These 
electrode inks were screen-printed on the LSGM electrolyte pellet to produce a configuration of PBMNi 
| LDC | LSGM | PBSCF-GDC, which was followed by sintering at 950 oC in the air for 4h. The Fe 
precursor solution was infiltrated on PBMNi after sintering. For the electrochemical tests, Ag wires 
were fixed to both electrodes using Ag paste as current collectors and the cell was sealed on an alumina 
tube using a ceramic adhesive (Ceramabond 552, Aremco). I-V polarization curves were measured 






4.3. Result and discussion 
4.3.1. XRD 
In order to investigate the structural information, X-ray diffraction was analyzed before and after the
reduction of the samples. As shown in Figure 4-2a, PBMNi sintered at 950 oC for 4 hours exhibits 
simple perovskite of mixed cubic and hexagonal phases withoutl the secondary phase. The Fe infiltrated 
PBMNi does not show any significant difference compared to the pristine PBMNi. This is presumably 
because the amount of infiltrated Fe is not considerabl  compared to that of pristine PBMNi. Figure 
 
Figure 4-2 X-ray diffraction patterns of (a) Pr0.5Ba0.5Mn 0.85Ni0.15O3-, Fe infiltrated 
Pr0.5Ba0.5Mn 0.85Ni0.15O3-δ before reduction, (b) PBMNi, PBMNi-12-Fe after reduction, and (c) 




4-2b shows the diffraction pattern of PBMNi and PBMNi-12-Fe samples after reduction. In a reducing 
atmosphere, the sample undergoes a phase transition from simple perovskite to layered perovskite while 
Ni of the host lattice exsolves to the surface of the host material. As shown in Figure 4-2c, the peak of 
exsolved Ni metal for PBMNi was observed at 2θ = 44.52o (JCPDS card#45-1027). In the case of 
PBMNi-12-Fe in which Fe was infiltrated, the peak for the exsolved metal is lower-angle shifted (44.52o 
for PBMNi and 44.07o for PBMNi-12-Fe) due to the formation of Ni-Fe alloy, which is attributed to the 
dissolution of Fe into the Ni lattice.[3] The diffraction pattern of PBMNi-12-Fe is similar to that of 
PBMCo-12-Fe[3] as previously reported. This can be explained by the transition of the 
Pa0.5Br0.5M0.85Ni0.15O3-δ to PrBaMn1.7Ni0.3-yFeyO5+δ as the cation exchange proceeds between Ni and Fe 
(Eq.1). When Ni of B site is replaced with Fe, the parent material is changed to PrBaMn1.7Fe0.3O5+δ, 
whose peak splitting of the XRD pattern is the characteristic of PBMFe, which is distinguished from 
that of PBMNi. These results demonstrate that topotactic exchange also occurs when Fe is introduced 
 
Figure 4-3 Scanning electron microscopy images and the correlation between the deposition 
of Fe and the particle population/size. SEM images of (a) PBMNi and (b) PBMNi-12-Fe; scale 
bars are 500 nm (Exsolved nanoparticles were colored in white.). (c) Exsolved particle 





to Ni, as the case of the host Co previously reported. 
Pr.zBa.zMn.gzNi.zO"| + FeO"SdepositionU
¦£¸±⎯⎯⎯⎯⎯³ PrBaMn.#Ni."}Fe}Oz{| + ~Ni −




To observe the effect of topotactic exsolution by the deposition of Fe, we compared the population of 
exsolved nanoparticles of PBMNi and PBMNi-12-Fe through scanning electron microscopy (SEM). 
The surface SEM images of PBMNi and PBMNi-12-Fe are shown in Figure 4-3a-b. The micrographs 
show that the spherical exsolved nanoparticles are evenly distributed on the surface of the parent oxide. 
As expected according to the previously reported topotactic exsolution, the Fe-deposited PBMNi 
 
Figure 4-4 Scanning electron microscopy images of (a) PBMFe-12-Fe and (b) PBMNi-12-Fe. 









(PBMNi-12-Fe) exhibits a larger number of exsolved particles than PBMNi, verifying that the 
topotactic exsolution developed. On the other hand, the exsolved particle was barely observed in the 
case of PBMFe-12-Fe where the same amount of Fe was deposited in PBMFe. (Figure 4-4) To get a 
more quantitative comparison, image analysis was performed using ImageJ software. In the case of 
PBMNi, only 2.61 particles per µm2 were exsolved, whereas 12.49 particles per µm2 were exsolved for 
PBMNi-12-Fe. In other words, the use of topotactic exsolution has an effect of an increase in the number 
of particles by more than 4-fold. In general, materi ls composed of nanoparticles have a relatively larger 
surface area compared to materials of the same volume composed of bigger particles. Therefore, the 
increased particle number leads to an increase in surface area, which was confirmed by Brunauer-
Emmett-Teller (BET) analysis (Figure 4-5). The values of specific surface area for PBMNi and PBMNi-
12-Fe were found to be 1.21 and 1.78 m2 g-1, respectively. Moreover, topotactic exsolution affects the 
number of particles, but barely affects the size of exsolved particles. As shown in Figure 4-3d, the 
average size of exsolved particles does not differ significantly between the two samples, indicating that 
topotactic exsolution is able to produce regular and u iformly dispersed nanoparticles. 
 
 
Figure 4-6 Transmission electron microscopy of exsolved particles and parent material. (a) 
HAADF scanning Transmission electron microscopy image and EDS elemental map of Pr, Ba, 
Mn, Ni, Fe, and O for exsolved particle and parent oxide of PBMNi-12-Fe sample; scale bar 





To confirm the component of the layered perovskite with exsolved nanoparticles, we observed the 
samples using transmission electron microscopy (TEM). As shown in the high-angle annular dark field 
(HAADF) scanning TEM image of PBMNi-12-Fe in Figure 4-6, particles of about 40 nm are exsolved 
from the parent oxide. Exsolved particles appear to an alloy composed of Ni-Fe based on energy 
dispersive spectroscopy (EDS) analysis. Apparently, most of Ni appears to have been exsolved from the 
parent oxide near the surface while Fe not only forms exsolved particles but also parent oxides, which 
suggests that the intercalation of Fe into Ni site occurs. According to the previous report[5], partial 
disappearance of Ni in the parent lattice is the result of topotactic exsolution where Ni and Fe change 
their places. Also, the XRD shows that the peaks around 22 o change before and after the exchange. The 
peaks near 22 o correspond to (200), which are 22.53 o and 22.30 o for PBMNi and PBMNi-12-Fe, 
respectively. The peak shift is due to the lattice expansion attributed to the intercalation of Fe. In other 
words, if smaller Ni ions (Ni2+ (r=0.690 Å) or Ni3+ (r=0.560 Å)) are replaced with larger Fe ions (Fe2+ 
(r=0.780 Å) or Fe3+ (r=0.645 Å)), the overall average lattice size increases.[5], [30]  
Additionally, according to the EDS line spectrum, the nanoparticle is composed of Ni and Fe. The Fe/Ni 
molar ratio was found to be about 0.47. In spite of a significant amount of deposited Fe, Ni occupies 
more ratio in the nanoparticle than Fe, and it can be seen that the deposited Fe diffuses into the parent 
oxide. This can be further confirmed by the EDS line spectrum of the parent oxide, where the Ni signal 
was hardly observed in the parent oxide. Therefore, it can be concluded the most of Ni in the parent is 
exsolved to the surface through the exchange with Fe. In the previous study[5], the parent oxide of 
PrBaMn1.7Co0.3O5+δ is reconstructed into PrBaMn1.7Fe0.3O5+δ after the topotactic exchange. Interestingly, 
the EDS spectrum of PrBaMn1.7Ni0.3O5+δ after the exchange is identical to that of PrBaMn1.7Co0.3O5+δ, 





4.3.4. Catalytic property 
The catalytic activity of PBMNi and PBMNi-12-Fe samples for dry reforming of methane (DRM) was 
evaluated using a quartz tube reactor. The measurements were performed at 50 oC intervals on cooling 
from 900 to 800 oC. At 900 oC, the CO2 conversion value of the PBMNi-12-Fe sample is about 45 %, 
which is 6-fold higher than 7.02 % of PBM. However, it is slightly higher than that of PBMNi, which 
is assumed to be due to the high catalytic activity of Ni catalysts for DRM. At 800 oC, the CO2 
conversion value of PBM was 0.81 % with little catalytic activity, while PBMNi-12-Fe shows 
remarkably increased catalytic activity of about 15 %, which is a more than 18-fold enhancement. 
Moreover, the stability of the PBMNi-12-Fe sample under the DRM atmosphere was evaluated, and the 
performance was maintained above the initial value for more than 100 hours. The surface of PBMNi-
12-Fe was observed after a continuous DRM test of 100 hours to investigate carbon coking resistance. 
As shown in Figure 4-7c, the growth of carbon was brely observed even after the long-term catalytic 
test, and it was confirmed that Ni-Fe alloy nanoparticles had excellent carbon coking resistance. 
 
Figure 4-7 Catalytic properties. (a) Conversion of CO2 for PBM, PBMNi, and PBMNi-12-Fe. 
(b) CO selectivity for PBM, PBMNi, and PBMNi-12-Fe. (c) Time-dependence of CO2 
conversion for the PBMNi and PBMNi-12-Fe in dry reforming of methane at 800 oC. (d) SEM 




Additionally, the electrochemical performance of the fuel cell of the PBMNi-12-Fe sample was 
evaluated as an anode (Figure 4-8). The Fuel cell was composed of PBMNi-12-Fe | LDC | LSGM | 
PBSCF-GDC and tested using humidified H2 (with 3% H2O) as fuel and ambient air as the oxidant. The 
maximum power density of PBMNi-12-Fe is about 1.465 W cm-2 at 800 oC in a humidified H2 
atmosphere, and the electrochemical performance is more than doubled compared to that of PBMNi of 
0.703 W cm-2. This is consistent with the trend of electrochemical impedance spectroscopy (EIS) 
measurements, where the non-ohmic resistances for PBMNi and PBMNi-12-Fe were 0.254 and 0.117 
Ω cm2 at 800 oC in humidified H2 atmosphere, respectively. 
 
4.4. Conclusions 
In summary, we have shown the synthesis of Ni-Fe bimetallic nanocatalysts using topotactic exsolution. 
When depositing Fe as a guest ion on PBMNi, Ni-Fe bimetallic catalyst can be generated by selectively 
exsolving Ni cation, and it can promote the formation of a larger number of exsolved particles. The 
spontaneous exchange between Ni and Fe ions converts PBMNi parent oxides into PBMFe according 
to XRD and XPS results, suggesting that topotactic exsolution has occurred. This results in increasing 
the number of exsolved particles by over four times while maintaining homogeneous particles. These 
nanoparticles have been found to exhibit about 18 times higher catalytic activity and stability over 100 









Figure 4-8 (a) I-V curve and power densities of the PBMNi and PBMNi-12-Fe in H2 (3% H2O), 
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5.1. Introduction 
Supported metal catalysts have extensively used in the fields of catalysis, energy conversion, and energy 
storage (e.g., dry reforming of methane), but catalyst deactivation due to agglomeration or coking 
restrains the catalyst lifetime and efficiency.[1]-3  The exsolution of metal nanoparticles from the host 
oxide lattice to the surface has been the subject of extensive studies to overcome these difficulties.[4]-
[7] The exsolution, called in-situ growth, offers solid and stable nanoparticles through the development 
that metal cations in the host oxide lattice (e.g., perovskite oxides) are exsolved and anchored to the 
oxide surface in reducing conditions.[8]-[16] 
Although in-situ grown nanocatalysts display the advantages of lower cost, higher time efficiency, 
higher thermal/chemical stability, and enhanced coking resistance compared to catalysts produced by 
more conventional methods (e.g., wet infiltration or chemical vapor deposition), three major pitfalls 
have hampered their practical use and commercialization[17], [18]: (1) a limited solubility of the 
exsolving dopant (or catalytic) cations into the host lattice, (2) many of the dopant cations remain in the 
bulk so metal utilization is often low, and (3) a slow rate of particle generation. 
A-site deficient (A/B<1) perovskites (ABO3) have been used in an attempt to promote more exsolution 
of cations to the surface from the bulk by providing a driving force to trigger B-site exsolution.[19]-[21] 
However, a limited solubility, where only 6 mol% of the Ti4+ was replaced with the cations of interest 
to be exsolved (e.g., La0.52Sr0.28Ni0.06Ti0.94O3[20]) constrains the number of particles on the surface.[19], 
[20], [22] Exsolution using voltage-driven reduction[23] has been proposed as another strategy to 
improve the rate of exsolution and increase the population of nanoparticles on the surface; however, it 
is challenging to employ this method for high surface rea materials. Recently, the use of topotactic ion 
exchange in exsolution (topotactic exsolution) was reported as a new route for promoting a larger 
number of exsolved cations.[24] In this case, however, the method via infiltration technique suffers 
from the difficulty to control the quantitative amount of catalyst and the need for a large amount of 
catalyst to wet the parent oxide, thus adding cost with respect to fabrication and materials.[25] 
Therefore, for the ideal use of exsolution, the following requirements must be fulfilled: (1) the 




framework of these criteria, the aim of our work is to meet these requirements by employing the 
topotactic exsolution concept where Fe guest cations deposited via atomic layer deposition (ALD) can 
be exchanged with Ni host cations in the A-site defici nt perovskite, La0.6Sr0.2Ti0.85Ni0.15O3-δ. The 
lanthanum strontium titanates, well known highly stable catalyst support, are suitable for this case study 
with their ability to support a range of A-site deficiency and doping elements. Based on the topotactic 
exsolution we recently found, a larger number of exsolved particles emerge preferentially on the surface 
when Fe oxides are externally deposited.[24] Thus, deposited guest cation Fe could serve as a general 
driving force by means of exchanging with the host cation Ni. In this case, the diffusion rate of the 
deposited guest cation to the host lattice can be an important factor determining the rate of exsolutin 
through the topotactic ion exchange.  
A thin film layer prepared by ALD has been shown to pr vide a fast diffusion rate with high surface 
areas and a nano-scale control of the amount of deposition.[26] As such, ALD renders a uniform, highly 
quantitative layer of metal oxide every single step. Therefore, when the Fe guest cation is externally 
deposited via ALD, the topotactic ion exchange can be accelerated with the help of the fast diffusion 
rate of guest cation Fe[26], thereby producing a finely dispersed array of anchored alloy metal 
nanoparticles with the increased population density. We elucidate the mechanism of the enhanced 
exsolution via ALD revealed by density functional theory (DFT) calculations. Moreover, the as-
exsolved particles exhibit high catalytic activity for the dry reforming of methane (DRM) process with 
no observable degradation in performance for more than 410 hours of continuous operation. 
 
5.2. Experimental 
5.2.1. Synthesis of perovskite materials 
 
Table 5-1 Nomenclature for the compounds based on the Fe deposited LSTN system 
Compound Abbreviations 
La0.6Sr0.2Ti0.85Ni0.15O2.95 + reduction LSTN 
La0.6Sr0.2Ti0.85Ni0.15O2.95 + 5 cycles of Fe2O3 deposition with ALD + reduction LSTN-5C-Fe 
La0.6Sr0.2Ti0.85Ni0.15O2.95 + 10 cycles of Fe2O3 deposition with ALD + reduction LSTN-10C-Fe 
La0.6Sr0.2Ti0.85Ni0.15O2.95 + 15 cycles of Fe2O3 deposition with ALD + reduction LSTN-15C-Fe 
La0.6Sr0.2Ti0.85Ni0.15O2.95 + 20 cycles of Fe2O3 deposition with ALD + reduction LSTN-20C-Fe 
La0.6Sr0.2Ti0.85Ni0.15O2.95 + 30 cycles of Fe2O3 deposition with ALD + reduction LSTN-30C-Fe 
1 cycle of deposition: exposing to Fe precursor for 360 s followed by oxidation to air.
 
All samples of the perovskite structure were synthesized by the Pechini sol-gel method[30]-[32]. The 




in distilled water. The adequate amount of Ti[OCH(C3)2]4 was dissolved in ethanol separately for 
ionization, and then ethylene glycol/citric acid as complexing agents were added to this solution. All 
solutions were mixed together and stirred overnight. A combustion process above 300 oC on a heating 
plate is followed to obtain fine powders. The powders were calcined at 600 oC for 4 hrs to remove 
 
Figure 5-1 Particle count analysis on the surface. (A) SEM image corresponding to Fig. 1D. 
(B) exsolved nanoparticles mapping and contour extracted with ImageJ from Figure 5-1A; 
scale bars are 500 nm. SEM images of (C) LSTN-5C-Fe, (D) LSTN-10C-Fe, (E) LSTN-15C-
Fe, and (F) LSTN-30C-Fe; scale bars are 500 nm. SEM images for (G) LSTN before 




residual organics. The synthesized powders and their abbreviations are given in Table 5-1 Nomenclature 
for the compounds based on the Fe deposited LSTN system.  
 
5.2.2. Atomic layer deposition of Fe oxide film 
The iron-oxide films on LSTN were prepared by ALD using a home-built apparatus. The apparatus 
consists of quartz chambers containing precursor/substrate respectively, dosing lines, and valves 
connecting the chambers. Each chamber was enclosed by individual ovens to allow separate 
temperature control. Also, a mechanical vacuum pump was used to evacuate the chambers, 
approximately 10-3 Torr.[26], [33] 
The condition used for depositing the precursor, fer ocene (Fe(Cp)2, Sigma-Aldrich), was adopted from 
previous publications.[28] After evacuating the Fe(Cp)2 precursor chamber at room temperature, it was 
heated to 160 oC to produce a reasonable vapor pressure of Fe(Cp)2. During the deposition cycles, the 
Fe(Cp)2 vapor was introduced to the evacuated substrate chmber, which contained approximately 0.2 
g of La0.6Sr0.2Ti0.85Ni0.15O2.95. The La0.6Sr0.2Ti0.85Ni0.15O2.95 substrate was exposed to the vapor of Fe(Cp)2 
multiple times at 350 oC for 360 s to confirm that the reaction with the surface was complete. Excess 
precursor in the substrate chamber was then removed by vacuation and the substrate was oxidized by 
exposing it to air for 300 s. 
 
5.2.3. Exsolution characterization 
In order to compare the number of exsolution particles varying with the cycles of Fe oxide deposition 
via ALD, La0.6Sr0.2Ti0.85Ni0.15O2.95 and other perovskite oxides were sintered at 1200 oC as the substrates. 
After the deposition through ALD, all samples were reduced at 850 oC for 4 hrs in H2 atmosphere (with 
3% H2O). 
The elemental analysis of the LSTN-xC-Fe samples (x = 0, 5, 10, 15, 20, and 30) for individual elements 
were quantified by inductively coupled plasma optical emission spectrometry (ICP-OES). In the 
measurement, a Spectro Genesis spectrometer was used in conjunction with concentric nebulizer. For 
the ICP-OES process, all samples for analysis (∼50 mg) was dissolved in a 16 mL solution of Aqua 
Regia for 4 hours at 200 oC. Then, the solution was distilled with a 5 wt% HNO3 solution to attain 
appropriate concentration for the ICP analysis. 
The crystal structures of samples were analyzed by XRD (Bruker, D8 Advance, Cu Ka radiation, 40 kV, 
40mA). The surface morphologies of the material were observed through SEM (FEI, Nova Nano 230 
FE-SEM). The number of particles on the oxide surface was evaluated by ImageJ software. In the 
selected SEM images with appropriate magnification, the contrast and sharpness were slightly adjusted. 




the size of particles (Figure 5-1B). XPS analysis was performed using ESCALAB 250XI from Thermo 
Fisher Scientific with a monochromatic A1-Ka (ultraviolet He1, He2) X-ray source. Cross-sectional 
samples for the TEM analysis were prepared by using a focused ion beam (FIB, Helios 450HP, FEI). 
TEM images were obtained with a FEI Titan (3) G2 60-30  with an imaging-forming Cs corrector at 
an accelerating voltage of 80 kV. 
 
 
Figure 5-2 Optimized two possible cation configurations of bulk structures of La0.5Sr0.5TiO 3. 
(A, B) and (C, D) represent top and side views of uniformly and layer by layer cation 
distributions, respectively. (E) side and (F) top views of optimized surface structure of 





Density functional theory (DFT) calculations were prformed using the Vienna ab initio Simulation 
Package (VASP).[34], [35] Exchange-correlation energies were treated by Perdew-Burke-Ernzerhof 
(PBE) functional based on generalized gradient approximation (GGA).[36] A plane wave expansion 
with a cutoff of 400 eV was used with a 4 × 2 × 1 Monkhorst-Pack k-point sampling of the Brillouin 
zone for all slab model calculations.[37] Gaussian smearing was used with a width of 0.05 eV to 
determine partial occupancies. Geometries were relaxed using a conjugate gradient algorithm until the 
forces on all unconstrained atoms were less than 0.03 eV/Å. In order to take into account for on-site 
Coulomb and exchange interactions, we used GGA+U schemes with the effective U values of 4.36, 4.0, 
and 6.0 for Ti, Fe, and Ni, respectively.[27] Based on our experimental observation, we constructed th 
pseudocubic La0.5Sr0.5TiO3 with a = b = c = 7.910. Among the two possible cation configurations, we 
employed a more stable configuration (Figure 5-2), which had lower total energy by 0.19 eV. 
To examine the segregation tendency of dopant elements, we constructed surface models by cleaving 
the DFT-optimized LST bulk along the (110) direction, which has been reported as the most preferred 
facet of B-site metal exsolution on La0.5Sr0.5TiO3-δ based perovskites (Figure 5-2E-F). A nine layered 
LST slab was employed with the vacuum thickness of up to 17 Å. (Figure 5-2). The co-segregation 
energy of B-site metal (¸U with an oxygen vacancy is defined as below[27]; 
E¸ = ESº»U¦ − ESº»U¼¢½ 
where Sº»U¦ and Sº»U¼¢½ are the total energies of the system with B-site metal located at 
the surface and in the bulk with an oxygen vacancy, respectively. With our definition, more negative 
energy indicates easier exsolution. 
 
5.2.5. Catalytic activity 
The catalytic activity of the catalysts was assessed with a fixed-bed quartz-tube reactor with an inter al 
diameter of about 10 mm. Approximately 0.2 g of sample powder was placed in the middle of the reactor. 
For the DRM test, the sample powder was reduced in situ in H2 atmosphere (with 3% H2O) at 900 oC 
for 1 hr. After the reduction, the remaining H2 gas was purged with dry He, then the gas mixture of CO2, 
CH4, and He was introduced to the reactor with a ratio of 10:10:80 ml min-1, respectively. Compositional 
analysis of the effluent gases from the reaction was performed using gas chromatography (GC) (Agilent 
7820 A GC instrument) with a thermal conductivity detector (TCD) and a packed column (Agilent 
carboxen 1000). The gas flow was measured using a mass flow controller (Atovac GMC1200) and 
calibrated through a bubble flow meter for a more accurate ratio calculation. The DRM reaction is 
shown below, and the CH4 reactivity and CH4 conversion were obtained from the following equation: 







] = H[molecules/s]2 × weight of catalyst [g] 
CHe conversion =  
[CHe]
[CHe]
× 100% = [H][H] + 2[CHe]
× 100% 
The Arrhenius equation is given by the following equation; 
k = AeÀÁ/SÂÃU 
where A is the pre-exponential factor for the reaction, R is the universal gas constant, T is the absolute 
temperature (in Kelvins), and k is the reaction rate coefficient. Taking the logarithm to the Arrhenius 
equation, the activation energy (Ea) can be evaluated from the slopes of the lines. The values of slopes 





5.3. Result and discussion 
5.3.1. Topotactic exsolution via ALD 
In this study, Ni-doped lanthanum strontium titanate, La0.6Sr0.2Ti0.85Ni0.15O3-δ was selected as a model 
system to study ALD-modified topotactic exsolution. As in our previous studies of topotactic exsolution, 
we chose Ni as the exsolving cation due to its higher co-segregation energy compared to other transition 
metals (e.g., Mn or Fe), and we chose Fe as the guest cation.[27] The deposition of guest cations was 
carried out via ALD with varying cycles. The samples after the deposition were reduced at 850 oC in a 
humidified hydrogen atmosphere. Table 5-1 Nomenclature for the compounds based on the Fe deposited 
LSTN system summarizes the samples that were characterized and the abbreviations we use to denote 
each composition. 
In the original concept of A-site deficient perovskite, α moles of A-site vacancies in principle would be 
 
Figure 5-3 A/B ratio for the exsolution pathway. (A) Conventional exsolution pathway with 
deficiency amount of α. (B) Topotactic exsolution pathway with re-established equilibrium 




able to exsolve up to α moles of metal from the B-site (Eq. 1), creating the stable defect-free ABO3 
 
Figure 5-4 Schematic comparison, scanning electron microscopy images, the correlation 
between the number of ALD cycles and the particle size/population, and X-ray photoelectron 
curves for the samples. (A) Conventional exsolution for LSTN and (B) corresponding SEM 
image of LSTN; scale bar is 500 nm. (C) topotactic exsolution via ALD for LSTN-20C-Fe and 
corresponding SEM image of (D) LSTN-20C-Fe after reduction; scale bar is 500 nm. (E) 
Exsolved particle population from 0 to 30 ALD cycles. (F) Particle size distribution from 0 to 





stoichiometry with the A/B ratio of unity (ideal case in Figure 5-3A). However, under typical reducing 
conditions, only some of the B-site elements can be exsolved and the inactive cations remain in the bulk
so that the A/B ratio cannot reach unity (Step 1 inFigure 5-3A and Eq.2). By the way, if only the value 
of A/B ratio can be lowered, it would lead to a new quilibrium position to make particle exsolution 
much more dynamic. The topotactic exsolution[24] can be utilized here as a way to lower the A/B ratio 
value. That is, introduced the guest cation B’ can be substituted into B-site (Substitution step in Figure 
5-3B and Eq.3), enabling the structure to establish a new equilibrium position toward more active 
exsolution. As a result, the substitution step could lead to a larger number of exsolved particles. We 
term this exsolution facilitation process ‘topotactic exsolution’ throughout this study (Step 2 in Figure 
5-3B Eq. 3). 
AÄBO"Å
À¤¢£±⎯⎯⎯⎯⎯⎯³ S1 − αUABO"ÅÇ + αB, (ideal) (1) 
AÄBO"Å
À¤¢£:ÉÊ ±⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯³ AÄBÄÇO"ÅÇÇ + α B, (conventional exsolution) (2) 
AÄBO"Å + B OSÊ£U
É¼££ Ê±⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯³ AÄBÄÇB ËO"ÅÇÇÇ + α B 
ÃÊ¡£ ¤¢£: ÉÊ ±⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯³ AÄBÄÇÄÇÇB ËO"ÅÇÇÇÇ + Sα  + α′′UB. 





5.3.2. The relationship between the ALD cycle and the number of exsolved particles 
To provide insight into the topotactic exsolution process, the correlation between the ALD cycle and 
the number of exsolved particles was investigated using scanning electron microscopy (SEM). Figure 
5-4, A and C show a schematic illustration for the comparison of existing exsolution and the topotactic 
exsolution. In the case of the conventional exsolution concept of A-site deficient perovskite, a limited 
fraction of B-site cations can be released toward the incomplete stoichiometry equilibrium in typical 
reducing conditions. On the contrary, for the topotactic exsolution, a larger portion of B-site cations can 
be pushed out because of the lowered A/B ratio value (Figure 5-3B). To quantitatively determine the 
number of exsolved particles in relation to the number of ALD cycles, the number of particles in the 
corresponding area of the SEM images for the reduced pristine (Figure 5-4B) and Fe ALD modified 
 
Figure 5-5 Particle size distributions for the samples. The histogram of the particle size 
distribution for (A) LSTN, (B) LSTN-5C-Fe, (C) LSTN-10C-Fe, (D) LSTN-15C-Fe, (E) LSTN-




samples (Figure 5-4D and Figure 5-1C-F) was counted by ImageJ software (Figure 5-1B). As shown in 
Figure 5-4E, the particle population per unit area was found to increase as the number of ALD cycles 
increases. The average size of particles is shown in Fig. 1F. On the other hand, before reduction, it was 
confirmed that all samples had a smooth surface regardless of ALD cycles (Figure 5-1G-H). The 
exsolved nanoparticles of 25-50 nm are uniformly distributed on the surface of all samples (Figure 5-1 
and Figure 5-5). It can be seen that the number of ALD cycles does not affect the size of exsolved 
particles. Notably, at 20 cycles, the particle population reaches 403 particles µm-2, which is about 6-fold 
more than that of pristine LSTN. The number of particles at 30 cycles does not seem to increase, 
indicating that the facilitation of exsolution is saturated at a certain level of deposition amount. The
enhancement in the population density of particles is comparable to that obtained by voltage-driven 
reduction with a population density of about 400 particles µm-2.[23] 
 
Figure 5-6 Growth curves for ALD layers on LSTN powder. All measures were measured after 
thermal treatment to ensure the removal of moisture content. 
 
 
Figure 5-7 SEM image of (A) LSTN-20C-Fe and (B) pristine LSTN reduced for 30 minutes; 




Furthermore, it is confirmed that exsolution is promoted even with a very small amount of ALD 
deposited Fe oxide. The growth rate of Fe2O3 layer formed by ALD was measured by inductively 
coupled plasma optical emission spectrometry (ICP-OES) and the data are shown in Figure 5-6. The 
left axis represents wt% of Fe deposited on the LSTN substrate and the right axis represents mol of Fe 
 
Figure 5-9 X-ray diffraction patterns of La0.7Sr0.1Ti0.85Ni0.15O3 before reduction. 
 
Figure 5-8 X-ray diffraction patterns of (A) La0.3Sr0.7Ti0.85Ni0.15O3 before reduction and (B) 
La0.3Sr0.7Ti0.85Ni0.15O3 after reduction. SEM images of (C) La0.3Sr0.7Ti0.85Ni0.15O3 before 




for the weight percentage to 1 mol of LSTN. Interestingly, only 0.011 mol of Fe was required using 
ALD whereas 0.176 mol of Fe[24] was necessary using the infiltration method (Figure 5-6). This 
effectiveness of topotactic exsolution using ALD shows about 16 times higher than that of using the 
previous infiltration due to the features of regular and thin deposition of ALD. Besides, with the 
advantage of the fast diffusion rate of the Fe oxide layer via ALD, this solution outperforms the existing 
 
Figure 5-10 X-ray diffraction patterns and X-ray photoelectron curves of the samples. X-ray 
diffraction patterns of (A) LSTN and LSTN-20C-Fe before/after reduction (red highlights 
around 44.5 o indicate exsolved metals) and (B) magnified metal peaks for LSTN and LSTN-




methods in terms of the rate of producing nanoparticles. For example, in the case of LSTN-20C-Fe, a 
similar number of nanoparticles were produced in only 30 minutes as compared to that of 4 hours of 
reduction (Figure 5-7). In comparison, the sample of LSTN without the deposition of Fe, much fewer 
particles were formed than LSTN-20C-Fe reduced for 30 minutes, indicating that topotactic exsolution 
is advantageous over conventional methods not only in quantitative but also in the length of the process. 
 
5.3.3. X-ray diffraction and X-ray photoelectron spectroscpy 
The perovskite oxides were examined by X-ray diffraction before and after reduction. In the ABO3 
perovskite structure, the oxygen non-stoichiometry determined by the ratio or type of A/B elements can 
vary the amount of B-site dopant to be accommodated. W  increased the amount of Ni doping by about 
2.5 to 5 times compared to the previous reports.[19], 20] Thus, several A-site deficiencies and La3+/Sr2+ 
ratios were attempted to dissolve 0.15 mol Ni as B-ite dopant. For example, the A-site and oxygen 
stoichiometric perovskite with the composition of La0.3Sr0.7Ti0.85Ni0.15O3 displays no secondary phases 
or NiO peaks in air and even after the reduction, suggesting that Ni exsolution rarely occurs and the 
composition is not suitable for the exsolution study (Figure 5-8). The SEM images where the traces of 
Ni exsolution are hardly seen after a reduction are lso in line with the XRD results. For the 
La0.7Sr0.1Ti0.85Ni0.15O3 A-site deficiency of 0.2 mol with oxygen stoichiometric composition, NiO, La2O3, 
and SrLa8Ti9O31 were segregated from the perovskite phase, implying that the La-rich composition may 
destabilize the perovskite structure (Figure 5-9). Therefore, we reduced a slight amount of La and 
devised a new composition of La0.6Sr0.2Ti0.85Ni0.15O2.95 (LSTN) with A-site deficiency of 0.2 mol. The 
new composition showed a sufficient solubility of Ni in B-site without segregation of any secondary 
structure when sintered at 1200 oC in air with (pseudo-)cubic lattice parameters of 3.866 Å. Also, as 
confirmed at around 44.49 o (JCPDS card#87-0712) in a reducing condition (Figure 5-10), Ni exsolution 
was observed, which is consistent with the SEM results (Figure 5-4). After the deposition of Fe oxides 
through ALD, the patterns of reduced LSTN-20C-Fe do not deviate from those of LSTN in air. This can 
be interpreted that the amount of the deposited Fe oxides layer is only a few weight percent (Figure 5-6) 
and it does not affect the XRD pattern.[28] For the LSTN-20C-Fe as well, the peak for Ni (or Ni-Fe) 
was observed after a reduction. 
X-ray photoelectron spectroscopy (XPS) was conducte to determine the oxidation states of the B-site 
dopants for the LSTN after reduction and LSTN-20C-Fe. The binding energy peaks of Ni ions are 
composed of Ni2+ 2p3/2 and Ni metal. 852.96 and 855.78 eV correspond to the peaks of multiplet Ni2+ 
2p3/2, and 852.08 and 856.9 eV correspond to Ni metal and its satellite feature, respectively. As shown 
in (Figure 5-10C), the majority of species is NiO without the metallic Ni phase for LSTN in air. In 
contrast, during the reduction, the splitting of peaks between 850-860 eV progresses by the formation 
of metallic Ni particles due to the exsolution. For the reduced LSTN without the Fe ALD deposition, 




further intensified and the ratio of metal was found to be about 87 %, which means that most of Ni in 
the lattice were exsolved to the surface as a result of the topotactic exsolution. These results are in good 
agreement with the SEM results where the number of exsolved particles increases as the number of 
ALD cycles increases as shown in Figure 5-4 (B and D) and Figure 5-1A-F). 
  
 
Figure 5-11 Transmission electron microscopy of exsolved particles on LSTN parent material. 
(A) HAADF scanning TEM image of LSTN-20C-Fe; scale bar 40 nm. (B) EDS elemental map 
of La, Sr, Ti, Ni, and Fe; scale bar 40 nm. (C) HAADF scanning TEM image of LSTN-20C-Fe 
and the corresponding fast-Fourier transformed pattern with zone axis=[100]; scale bar 5 nm. 
(D) HAADF scanning TEM image of the enlarged area; scale bar 3 nm. (E) EDS elemental 




Table 5-2 EDS elemental analysis on exsolved Ni-Fe alloy particles on LSTN-10C-Fe and LSTN-
20C-Fe. 
Exsolved particle Ni mole ratio of 1 mol Ni-Fe 
Number LSTN-10C-Fe LSTN-20C-Fe 
Site #1 0.78 0.54 
Site #2 0.62 0.66 
Site #3 0.65 0.61 
Site #4 0.69 0.61 
Site #5 0.69 0.64 
Site #6 0.70 0.54 
Site #7 0.71 0.58 
Average 0.69 0.60 
 
Table 5-3 Co-segregation (B-site metal with an oxygen vacancy) and Ni↔TM exchange energies 
(in eV) on transition metal doped La0.5Sr0.5TiO 3(110). 
Bulk M-Ov-M co-segregation energy 
(eV) 
Ni↔TM exchange energy 
(eV) 
Ti -0.12 -3.20 
Cr -1.05 -2.27 
Fe -1.45 -1.87 
Mn -1.89 -1.43 
Co -2.92 -0.40 
Ni -3.32 0 
Cu -4.32 1.00 
 
5.3.4. High-resolution transmission electron microscopy analysis 
In order to see the microstructure and composition of the exsolved particles and their interface with the 
perovskite lattice, we employed transmission electron microscopy (TEM). As shown in the high-angle 
annular dark field (HAADF) scanning TEM image of LSTN-20C-Fe (Figure 5-11), the nanoparticles 
with a diameter of around 30 nm were socketed on the surface of the perovskite parent oxide, which is 
consistent with the previous studies[20], [22]. As a result of energy dispersive spectroscopy (EDS), it 
is confirmed that the exsolved nanoparticles on the surface are composed of Ni and Fe (Figure 5-11B). 
This is one advantage of the topotactic exsolution bri ging about multiple functionalities to the catalysts 
with producing alloys, as previously revealed.[24] As detailed in Table 5-2, Ni is the major component 
of the alloy composition at a ratio of 6:4, and Fe also accounts for a considerable amount. This can be 
explained by the result of DFT calculation where Fe also tends to exsolve to the surface along with Ni 
due to its higher co-segregation energy (-1.45 eV) than that of Ti. For the case of the perovskite bulk 
oxide, the components are identified as La, Sr, Ti, Ni, and Fe (Figure 5-11B). The lattice spacing 




the lattice constant of the (110) planes of LSTN-20C-Fe. As shown in Figure 5-11D-E, the HAADF 
scanning TEM and detailed atomic-scale scanning EDS mapping were conducted in the parent oxide to 
confirm the substitution of Fe into the parent LSTN. A pattern of the stripes as displayed in Figure 
5-11D-E corresponds to the cubic lattice, verifying the presence of the Fe substitution into the lattice. 
 
5.3.5. Density functional theory calculations 
The effect of Fe infiltration on the enhancement of Ni exsolution on LSTN was further elucidated by 
DFT calculations. Based on previous experimental results where B-site metal exsolution preferentially 
occurred on the (110) termination of LSTN[20], we cleaved bulk LST to make LST(110) surface. We 
have previously shown that the different co-segregation tendency of transition metal dopants can be 
utilized for topotactic exsolution. That is, the co-segregation tendency of the depositing guest ion should 
be lower than that of the exsolving host ion.[24], [27], [29] Therefore, we examined the co-segregation 
energies for single dopant elements of various transition metals as well as host Ti cation (Figure 5-12A). 
Our DFT results show that co-segregation energy follows the order of Cu > Ni > Co > Mn > Fe > Cr > 
Ti (Table 5-3 and Figure 5-12A), implying that Ni in the bulk can be exchanged with deposited Fe. Fe 
 
Figure 5-12 Schematics of the DFT model for the calculation of B-site metal co-segregation 
with an oxygen vacancy and cation exchange. (A) Co-segregation energy and (B) exchange 
energy comparison of various transition metals. (C) Schematics of the DFT calculations of the 




tends to exsolve more easily with higher co-segregation energy than the host Ti of LSTF (Figure 5-12B), 
which agrees with the previous result for Fe exsoluti n on LSTF[19]. Additionally, DFT-calculated 
cation exchange energies between guest transition metals and bulk Ni were shown in Figure 5-12B. A 
negative sign in exchange energy indicates that the deposited metal can spontaneously exchange with 
Ni. Cations of Co, Mn, Fe, Cr, and Ti exhibit spontaneous exchange energy, and the order of the 
exchange is the opposite of the co-segregation energy. For instance, Fe shows the highest exchange 
energy of -1.87 eV (Table 5-3 and Figure 5-12B-C) except for Ti and Cr, which signifies that the surface 
Fe can be preferentially substituted with the Ni in bulk of LSTN. On the contrary to the conventional 
exsolution where the stoichiometry of the perovskite may reach the limit of stoichiometric equilibrium 
of A- and B-site cations making the exsolution of Ni sluggish,[20] for the topotactic exsolution, the 
deposited Fe on the surface can induce the further exsolution of Ni by exchanging its position with Ni
remained in bulk.  
Furthermore, we explored the formation process of Ni-Fe alloy on the LST surface by calculating the 
surface alloy formation energy based on our previous work[29]. The formation of Ni-Fe alloy on the 
LST surface is thermodynamically favorable with theformation energy of -0.43 eV whereas the alloy 






5.3.6. Catalytic property 
The catalytic activity of the LSTN-xC-Fe for the dry reforming of methane (DRM) was evaluated by 
detecting the exiting gas through the catalyst located in the middle of the fixed-bed tube reactor. Figure 
5-13 compares the catalytic behavior of the LSTN, LSTN-10C-Fe, and LSTN-20C-Fe samples. The 
 
Figure 5-13 Catalytic properties for the DRM. (A) Reacted methane during the DRM reaction 
for LSTN, LSTN-10C-Fe, and LSTN-20C-Fe. (B) The activation energy of the methane 
reactivity calculated for LSTN, LSTN-10C-Fe, and LSTN-20C-Fe. (C) Arrhenius-type plots of 
reacted CH4 for Bulk Ni and Bulk Ni-Fe alloy catalysts. (D) The activation energy of the 
methane reactivity calculated for Bulk Ni, Bulk Ni-Fe 0.70, and Bulk Ni-Fe 0.60. (E) Time-
dependence of CH4 reactivity and H2/CO ratio for LSTN-20C-Fe in dry reforming of methane 




catalytic activity was measured in the temperature range of 700 to 900 oC with gas hourly space velocity 
(GHSV) = 30000 ml g-1 h-1. As depicted in Figure 5-13A, the reacted methane for the LSTN-10C-Fe is 
slightly improved compared to LSTN, but that for the LSTN-20C-Fe is remarkably improved at 64 % 
compared to that of LSTN. In particular, as the temp rature decreases, the degree of the activity decline 
is inversely proportional to the number of ALD cycles, which is related to activation energy shown in 
Figure 5-13B. The activation energies of LSTN and LSTN-10C-Fe are similar, and it decreases greatly 
at LSTN-20C-Fe, so it is presumed that the reactivity of the catalysts is proportional either to the number 
of exsolved particles or to the degree of the alloy formation. To identify this presumption, the three 
different ratios of Ni-Fe alloy catalysts (e.g., the ratios of Ni to Fe are 1.0 to 0 (Bulk Ni), 0.7  to 0.30 
(Bulk Ni-Fe 0.70), and 0.60 to 0.40 (Bulk Ni-Fe 0.6), respectively), on an inert support γ-Al2O3 were 
evaluated for the DRM test. In this way, the mechanism of the DRM can be assessed with a 
monofunctional pathway, where the methane reactant is dependent on the metal alone. As depicted in 
Figure 5-13C-D, Arrhenius-type plots for Bulk Ni and Bulk Ni-Fe alloys were plotted, from which the 
activation energies were calculated. Interestingly, the trends of the activation energy for the alloy 
catalysts on inert support appear analogous to those for the LSTN series, which demonstrates that the 
different ratios of Ni-Fe alloys were formed depending on the number of ALD cycles. This is supported 
by EDS elemental analysis shown in Table 5-2, e.g. the average ratio of Ni to Fe is around 0.60 to 0.40 
for the LSTN-20C-Fe sample. According to the DFT results, Fe also has a higher alloy formation energy, 
which is in accordance with the experimental result where the more Fe cations are substituted into the 
bulk, the higher the ratio of Fe exists in Ni-Fe alloy. Additionally, the stability of the particles obtained 
via topotactic exsolution was evaluated for LSTN-20C-Fe. In continuous DRM measurements (Figure 




In conclusion, we have employed topotactic exsolutin reinforced by ALD on the widely used 
perovskite oxide, nickel doped lanthanum strontium titanate. As an effective means of producing alloy 
nanoparticles, topotactic exsolution with ALD has several noteworthy implications including (1) a 
larger population of exsolved nanoparticles, (2) the selective formation of alloy catalysts, and (3) a 
faster rate of the nanoparticle generation. Fe as gue t transition metal exhibits the exchange energy of -
1.87 eV with host Ni, resulting in the spontaneous exchange between Ni and Fe, topotactic exsolution. 
The spontaneously produced bimetallic catalysts in a short time are also excellent in catalytic activity 
in DRM, which not only improved the initial value by 64 % compared to pristine LSTN but also reduced 
activation energy by about 40 % with prolonged stabili y of 410 hours. This newly developed topotactic 
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